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￿is thesis describes studies into gas-phase photochemistry of nitrogen containing
heterocycles, together ion-trap mass spectrometers and tunable nanosecond laser light
sources.
￿e ￿rst part of the thesis focuses on the oxidation reaction of the 5-dehydrouracil
radical cation. ￿is radical cation is synthesised within the ion trap of a commercially
available ion-trapmass spectrometer by irradiation of 5-iodouracil with 266 nm photons.
￿e reaction of the radical cation species with oxygen is observed across 5 and 3000ms,
and second order rate constants aremeasured to be 7.3±0.2⇥10 11 cm3 molecule-1 s-1 for
this gas-phase oxidation reaction. Computational studies of the reaction pathways are
undertaken using G4-MP2-6x and products assigned as 4,5-dioxo-4,5-dihydropyrimidin-
1-ium formation as well as decarbonylation of the quinone species.
￿e second part of the thesis deals with the wavelength dependence of
photodissociation processes. ￿e spectroscopy of the isomers of protonated
methylpyridine and ethynylpyridine are reported. Photodissociation of N -protonated
2-, 3- and 4-methylpyridnium are recorded in the ultraviolet wavelength region of 340-
220 nm at both high and low resolutions. Transitions occurring over ⇠280-230 nm,
⇠270-230 nm and⇠260 nm lie beyond the capabilities of the tuneable light source for the
2-, 3- and 4-methylpyridinium isomers, respectively. Each isomer loses a mass indicative
of the loss of methane, leading to the formation of a charged pyridiniylium species,
with product enthalpies calculated using the G4-MP2-6x method. ￿e photodissociation
action spectra of these ions display li￿le structure, and preliminary CAM-B3LYP
excited state calculations yield results leading to the assignment of these features being
S1 S0 transitions of ⇡* ⇡ nature, with 4-methylpyridinium spectrum exhibiting the
beginning of a second transition towards the higher energy region.
￿e photodissociation ofN -protonated 2-, 3- and 4-ethynylpyridine are reported over
the ultraviolet wavelength region 340-220 nm. 2-ethynylpyridinium shows two distinct
bands, one spanning 300-250 nm, assigned as the S1 S0 transition, and the other at
300-250 nm assigned as the S3 S0 transition, while 3- and 4-ethynylpyridinium display
iii
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overlapping bands (300-220 nm, S1 S0 followed by S3 S0 for 3-ethynylpyridinium
and 280-230 nm, predominantly S2 S0 for 4-ethynylpyridinium). Franck-Condon
simulations are reported utilising the wB97XD TD-DFT method. Major ultraviolet
photoproduct enthalpies of these isomers are calculated using the G4-MP2-6x method
and suggested to be pyridinylium and phenylium cations, with the loss of acetylene and
HCN, respectively.
￿e photodissociation spectroscopy of the protonated diazanaphthalene isomers
quinazoline, quinoxaline and phthalazine are analysed. ￿e major photoproducts of
these isomers are recorded as phenylium and HCN loss product channels within the
ultraviolet region, with enthalpies calculated using G4-MP2-6x. Survey spectra of
each isomer are recorded between 340-220 nm, with higher resolution spectra reported
encompassing the dominant features observed within this region. All isomers display
two transitions, the ￿rst at ⇠340-270 nm (assigned as S1 S0 for phthalazineH+ and
quinazolineH+ and the S2 S0 transition for quinoxalineH+) and the second at 240-
220 nm encompassing the S5 S0 transitions for each isomer. Spectra are simulated
using CAM-B3LYP TD-DFT functionality, and vibronic details assigned.
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Chapter 1
Introduction
￿is project aims to develop a deeper understanding into the fundamental gas phase
photochemistry of many common aromatic heterocycles, and their derivatives. ￿is
will be undertaken using gas phase photodissociation action spectroscopy and ion-
molecule reactions of photosynthesised radical species. ￿e key instrumentation is
an ion-trap mass spectrometer, which has been modi￿ed to allow laser pulses to
irradiate selected trapped ions. ￿e photodissociation experiments utilise a mid-band
(220 nm - 2.5 ￿m) tuneable optical parametric oscillator (OPO) laser, a ￿xed frequency
Nd:YAG laser, as well as a dye laser system and a picosecond laser system. Coupling
photodissociation action spectroscopy and mass spectrometry will provide new insight
into the fundamental photochemical processes which occur within biological and
industrial systems.
1.1 Background
Nitrogen containing aromatic heterocycles (N -heteraromatics) are important
subunits of many biological molecules. Many functional aspects of these molecules
arise from the delocalised ⇡-electrons and electron donating character (or electron
accepting, in the case of N-protonated species)[1]. ￿is ⇡ orbital system also leads to
the photoactivity of aromatic molecules giving them rich photochemistry that has an
important role within biological systems. One of the principle tasks of this project is to
develop a framework for rationalising and predicting the electronic state energies and
the photodissociation properties of small heteroaromatic molecules.
N -heteraromatics are incorporated into a wide variety of biological compounds, from
DNA/RNA bases to ribo￿avin to the more complex heme molecules or bilirubin. Figure
1.1 displays the fundamental units of these biological heterocycles. ￿e photoactivity
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(a) Purine (b) Pyrimidine (c) Alloxazine
Figure 1.1: Fundamental subunits of DNA/RNA nucleotides (purine and pyrimidine)
and ￿avin-type molecules (alloxazine)
of N -heteraromatics are speculated to be the reason for this wide incorporation into
biological compounds. ￿e optically bright excitation into low-lying ⇡⇡* excited states of
these molecules leads to ultrafast deactivation channels to the ground states, increasing
the photostability of these molecules, which is the main factor determining their
photoactivity.
In order for life to have formed, some form of pre-biotic autonomous replication
must have occurred, while maintaining the ability to di￿use absorption of destructive
ultraviolet radiation, existing with primordial atmospheric conditions (i.e. lack of
ozone layer)[2]. Coupled with the evidence that nitrogen containing heterocycles are
common throughout extraterrestrial environments[3–6], including that detected by the
Cassini-Huygens missions in the atmosphere of Titan[7], these molecular species are
suggested to be a major chemical contributor to the origin of life on Earth[8–10]. ￿is
leads to the necessity of a study of fundamental, as well as closer biologically relevant
compounds from an electronic and photochemical reactivity point of view, which will
be the standpoint of this thesis.
1.2 Gas Phase Electronic Photodissociation Action
Spectroscopy
Photochemistry can be either deleterious or bene￿cial to many organisms throughout
biology[11]. An example of this is photoactive enzymes (DNA photolyases)[12], which
absorb >300 nm photons and repair the damage caused to DNA by higher energy
photons. Unfortunately, this enzyme is not possessed by human beings[13]. With or
without this help enzyme, however, phototherapies/preventative measures for a range
of ailments can still be developed and utilised through an understanding of electronic
excited states of molecules.
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Figure 1.2: Spectral distribution of the photo-destruction of serumbilirubin, as reported
in Cremer et al. [14]
An early example of a phototherapy developed through wavelength dependent,
“action spectroscopy”, studies is the treatment of neonatal jaundice. ￿is condition is
characterised by an excess of bilirubin in an infants’ blood serum, and was traditionally
treated by exposure of the infant to long periods of direct sunlight[15]. ￿is treatment
converted bilirubin into biliverdin, being more water soluble and easier for the infant
to excrete[14,15], however this was a lengthy treatment. Cremer et al. [14], utilising the
￿rst recorded ‘action spectrum’ (reproduced in Figure 1.2), determined the most e￿cient
wavelength for the dehydrogenation of bilirubin to be⇠420 nm [14,15], leading to a much
more e￿cient treatment process. From here on, this section will summarise more
fundamental approaches, with the gas-phase photodissociation of ions.
Gas-phase photodissociation action spectroscopy of ions become increasingly more
topical from the 1960s and 1970s, from the earliest spectrum of H+2 [16] and has gone
throughmany changes since. Early experiments throughout utilised di￿use light sources
(i.e. vapour lamps)[16–22] equipped with monochromators to observed photodissociation
events and measure time resolved photolysis[16,17] and the wavelength dependancy of
these events (with a resolution of   =⇠10 nm) [18,21,23]. ￿ese experiments employed
ion-trap techniques such as radio frequency (rf) quadrupole traps[16–18] and Ion
Cyclotron Resonance (ICR) spectroscopy[19–23].
Di￿use light sources quickly became less common as laser light sources became
more available and a￿ordable, giving experiments higher wavelength resolution and
smaller irradiation timescales[24–28]. ￿e inclusion of these more modern tuneable light
sources, such as dye lasers[26–29], optical parametric oscillators (OPOs)[29–38], synchrotron
radiation sources[11,39] and combinations of these[29] giving experiments the ability to
span wavelengths from the infrared region (IR) through the visible region, ultraviolet
region (UV) and into the so￿ X-ray region of the electromagnetic spectrum. ￿e
spectroscopy section of this thesis will be focused on the use of an OPO tuneable light
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source, irradiating isolated ions within a linear ion-trap mass spectrometer, which will
be explained in more detail in Chapter 2.1.
￿ere is no encompassing model for predicting and rationalising the excited
state energies and photoproducts for aromatic species, nor for predicting the
e￿ect of protonation on this spectroscopy. ￿erefore, to gain an understanding
of the spectroscopy of larger, more biologically relevant aromatic molecules, the
photochemistry of the smaller subunit must ￿rst be understood. ￿e relevant questions
involved in the study of gas phase spectroscopy are:
• How is the molecule going to photodissociate? What will the fragment(s) be?
What will the ion products be?
• Are we going to observe vibronic structure within the spectrum of this ion? What
is the cause of this structure?
1.2.1 Amines, Phenols and Amino Acids
￿e fundamental aromatic unit is benzene. ￿e origin of the lowest lying excited
state (S1 S0) occurs at around approximately 260 nm; however, this origin transition is
symmetry forbidden and absorbance is only observed through vibrational perturbance
of symmetry at shorter wavelengths. ￿is ultraviolet transition is common among small
aromatic molecules due to the aromatic ⇡ highest molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) molecular orbitals[40]. Perturbing the symmetry
through the addition of functional groups or the inclusion of a nitrogen atom within
the aromatic ring will allow the (0-0) transition, giving rise to optically bright ⇡* ⇡
transition. ￿e low-lying ⇡⇡* excited states allow for photochemical excitation within
the aromatic class of molecules, speci￿cally nitrogen containing heteroaromatic cations,
which this thesis will be focused on.
Biologically-relevant aromatic molecules are o￿en derivatised extensions of either
benzene or pyridine. ￿e aforementioned perturbation of symmetry and subsequent
increased complexity in electronic state density leads to variations in photochemistry
and fragmentation pathways. In the case of phenol (neutral), the ⇡⇡* LUMO is crossed
by a ⇡ * state, causing dissociation of a H atom[41].
Similarly to phenol, aniline (neutral) has low lying, ⇡⇡* bound, excited states, which
decrease the likelihood of direct transition to a dissociative ⇡ * excited state. As
with phenol, the delocalisation of the ⇡ electrons stabilises the radical on the nitrogen
(oxygen in the case of phenol) and a product is formed by H· loss, leading to the
formation of a N -substituted benzyl-type radical[38]. In both cases, the dissociation





Figure 1.3: Le￿: Structure of the pyridinium cation in the ground state and S1 state.
Right: ￿e ultraviolet photodissociation spectrum of pyridinium[45]. Reproduced from
the Trevi￿ Research Group website[46]
.
Amino-substitution of this N -pyridinium species at the 2-, 3- or 4-position have
been reported to display ⇡⇡* transitions in the ultraviolet region using a 2-colour
photodissociation, pump-probe, technique[47]. ￿ese ions displayed major 1-colour
products of m/z 78 for the 2-aminopyridinium isomer (loss of NH3), m/z 68 for the
3-aminopyridinium isomer and m/z 68 and 78 for the 4-amoniopyridinium isomer[47].
Broquier et al. [47] predicted excited states of these ions to have ’twisting’ of the amino
group as well as a puckering of the ring nitrogen, similar to N -pyridinium in the 2-
aminopyridinium isomer.
￿e addition of a methyl group to this pyridine at the N -position, with N -
methylpyridinium, gives this derivative Cs symmetry. ￿is decreased symmetry and
unperturbed ⇡-electron system leads to a low-lying ⇡* ⇡ transition, displaying ￿ne
structure, which decreases in prominence as the photon energy increases, eventually
becoming structureless. Again, N -methylpyridinium undergoes an internal conversion
process following ultraviolet photoexcitation to dissociate along the ground electronic
state, forming the N -pyridinylium cation and methane. However, this ion does not
display structure correlating to the out-of-plane ring deformation mode observed in the
N -pyridinium counterpart[32].
Adding another nitrogen to the ring of N -pyridinium creates the diazene class of
molecule. ￿e added complexity of a non-bonding orbital in this class ofmolecule further
perturbs the symmetry and complicates the electronic structure of the molecule, as well
as leading to a more biological subunit, pyrimidine, which is the fundamental unit of
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three DNA/RNA bases. While pyrimidine DNA bases are known to undergo Diels-
Alder like reactions in biological systems[48], the diazene units[49] have an exceptional
electronic surface due to the low lying non-bonding orbitals. Pino et al. [49] have reported
that each diazene ion loses HCN, which is in contrast to the pyridine/N -substituted
pyridine ions, as they lose theN -substitutedmoieties. ￿e singularly protonated diazene
species display short excited state lifetimes due to relaxation through an out of plane
deformation leading to transition to a lower n⇡* excited state, then dissociation along
the ground state.
Naphthalene-like nitrogen heterocycles quinolineH+ and isoquinolineH+ are a larger
derivatisation of the N -heteroaromatic compounds. ￿ese compounds are postulated
to be in abundance within the interstellar medium[3–6], as well as form the foundations
of ￿avin-type biomolecules. ￿ese molecules share the ⇡⇡* electronic excited states,
and dissociation along the ground electronic state characteristic of aromatic molecules.
￿e excitation of these ions, unlike the monocyclic counterparts, requires a two photon
process for photodissociation. ￿rough resonance enhanced multi-photon ionisation,
various products are formed by loss of HCN, loss of H2 and the formation of the
phenylium ion. Both isomers exhibit bands within the low energy UV region (assigned
to be S1 S0 and S2 S0) which have structure with ⇠500 cm 1 spacing. However,
quinolineH+ displays ￿ne structure until an intense feature centred 32 000 cm 1,
whereas isoquinolineH+ is devoid of this structureless feature. ￿e second band of
each ion have electronic origin transitions at ⇠42 100 cm 1 and ⇠42 500 cm 1 (for
quinolineH+ and isoquinolineH+, respectively) and these are assigned to the S3 S0
transition[50]. However, as molecules increase in complexity and derivatisation, the
detail obtainable from room temperature experiments usually decreases due to spectral
congestion.
DNA/RNA nucleobases as well as ￿avin-type molecules have many functional groups
and heteroatoms, making for dense electronic states and complicated spectra. Under
cold conditions however, the ￿ner structure of these ions can be recorded and properties
such as the tautomeric structure of DNA/RNA nucleobases can be determined[51]. ￿is
increased state density subsequently leads to an increase in computational costs of
quantum chemical calculations. ￿erefore research is required within the fundamental
molecules that form subunits of larger biological molecules to aid in the understanding
of the electronic surfaces and excitation fates (fragmentation or otherwise) of these
larger molecules. ￿ese outstanding issues will be addressed for a selection of N -
heteroaromatic cations in this thesis
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1.3 Gas Phase Radical Chemistry
In biology, the interactions between UV/Vis photons and molecules within biological
systems may have either bene￿cial or deleterious e￿ects towards DNA/RNA related
processes[13]. ￿e reactions caused by these interactions can lead to conformational
and structural changes to the DNA or RNA residues[11,52], which cause mutagenic
harm to that speci￿c cell. Direct irradiation of pyrimidine bases within DNA may
lead to dimerisation through Diels-Alder type mechanisms between adjacent bases,
creating lesions that have the potential to form mutagenic harm within DNA, leading to
potentially cancerous cellular replication[48]. UV photo-excitation of biological systems
can also lead to generation of reactive oxygen species causing or directly causing
bond scission within nucleobases, which forms a reactive  -radical[53–55]. ￿ese radical
species then further react with neighbouring species through hydrogen abstraction
from nearby sugar-phosphate DNA backbones[53,56], or potentially biologically available
oxygen/oxygen bound molecules[57].
￿e most common source of sigma-radicals within DNA/RNA base molecules is the
photoinitiated generation of hydroxide radical (•OH) species[58–60]. Recent studies have
looked at the reactivity of these  -radicals within complex species such as nucleosides
and complete DNA strands, synthesising the  -radicals by irradiation of halogenated
nucleobases[61,62], with more speci￿cally utilising 5-iodo substituted uracil within RNA
strands[61]. ￿e radicals formed within the DNA strands can be utilised to rearrange the
DNA’s quaternary structure, and hence hinder the replication of the DNA strand. It is
photochemistry such as this, which controls the replication of DNA that may become
useful in the photosensitised treatment of rapidly reproducing disease such as cancer
cells[61,62]. ￿erefore the focus of the following sections will be on gas phase reactivity
of fundamental to biologically relevant  -radicals produced by photolysis of carbon-
halogen bonds.
1.3.1 Distonic Radical Cation Oxidation Reactions
Within conventional radical ionic species, the radical site and charge are located on the
same atomic species; distonic radical ionic species di￿er by a separation of the charge
and the radical site. Generally, unlike conventional radical cations, distonic aromatic
radical cations typically react with O2 [63–65]. Distonic aromatic radical cations undergo
O2 addition to form peroxyl radical cation intermediates that then can decompose to
products by oxygen atom and carbonyl group losses from this peroxyl radical cation[63].
Organic peroxyl radicals, formed by the reaction of aromatic radicals and oxygen[63],
are theorised to take part in harmful processes such as DNA/RNA damage and lipid
oxidation[66,67].
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Taking a step towards more biologically relevant molecules, by addition of a nitrogen
into the ring gives a fundamental aromatic subunit of many biomolecules, pyridine.
Within the condensed phase, the formation of a distonic radical cation product o￿en
leads to rapid hydrogen abstraction, which is governed by the formation of a polar
transition state that can be enhanced via the addition of an electron withdrawing
group[53–55]. ￿e experiments conducted byWidjaja et al. [53,54] and Adeuya et al. [55] have
determined that electrophilicity of the radical is dictated by the distance of the radical site
from the nitrogen on the ring, becoming more electrophilic as distance decreases. ￿is
e￿ect is most likely due to the electron withdrawing nature of the nitrogen group. ￿e
4-dehydropyridinium radical cation reacts as a nucleophile in some situations and this
behaviour has been rationalised by the presence of a carbene-type resonance structure
of this radical.
Biological molecules commonly include substituted aromatic subunits. Oxygen
addition to a distonic radical cation that contains amethyl or hydroxyl group ortho to the
radical site has been postulated to undergo similar reactions with O2 before subsequent
loss of •OH, and formation of an ortho-quinone methide[64,65] or ortho-hydroxyquinone
species species[68]. Furthering from these studies, the addition of a nitrogen into the
aromatic ring will more closely relate to biomolecules. ￿e cross-linking and alkylation
reactions of quinone species on DNA/RNA strands has made their formation within
biology very topical.
1.4 ￿esis Focuses
￿is thesis ￿rst contains a study on the photochemistry of nitrogen containing
heterocycles, beginning with fundamental units and the study of the photoinitiated
chemistry of more biologically relevant species, i.e. uracil. ￿is thesis will then mostly
focus on the aromatic heterocyclic spectroscopy, including a separate study into gas-
phase radical oxidation. Being that these topics are di￿erent in nature the thesis will be
separated into to sections: gas-phase radical reactions of uracil and photodissociation
action spectroscopy of prototypical aromatic biological molecules.
￿e key goals of this project include:
• Elucidate wavelength dependent photodissociation chemistry for aromatic
heterocyclic molecules, this includes:
– Measuring/assigning the energy of low-lying electronic states and vibronic
structure. ￿is, in turn, provides details of the dissociation mechanism.
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– Determining photodissociation pathways (using collision
induced dissociation (CID), MSn and photodissociation) and characterising
photoproducts
• Measure the kinetics of gas phase ion-molecule reactions with either the resulting
photoproducts or photosynthesised radical species.
• Interpreting electronic spectra using quantum chemical calculations.
1.4.1 Gas-Phase Radical Reactions
As stated earlier, this project will be separated into two parts. Chapter 2, will
examine the protonated uracil radical cation, formed from the iodo species. ￿e study
is of the reaction of 5-dehydrouracilH+ with molecular oxygen, and will focus on the
determination of the second order rate constant of this reaction, and preliminary work







￿e remaining thesis targets a range of nitrogen containing aromatic heterocycles,
beginning with pyridine derivatives, then leading into larger derivatised systems by
adding more nitrogens into the conjugated system and aromatic rings to the molecule.
￿e chromophoric nature of these aromatic molecules within the UV region makes them
excellent candidates for photochemical studies. ￿e spectroscopy section will contain an
experimental section and three results sections, arranged as follows:
• Chapter 3.2 contains a report on the photodissociation and spectroscopy of three
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• Chapter 3.4 investigates the photodissociation events of
the three isomers of N -protonated methylpyridine and wavelength dependence









Gas-Phase Oxidation of the
Protonated Uracil-5-yl Radical
￿is chapter examines the gas-phase reaction of the 5-dehydrouracilH+ radical cation
with molecular oxygen. ￿e chapter is reproduced as a verbatim manuscript currently
submi￿ed for publication.
Author Contributions
James P. Bezzina undertook all of the mass spectrometry experiments and analysis
of the reaction kinetics. James P. Bezzina conducted all G4MP2-6x calculations and
collaborated with Ma￿hew B. Prendergast with completing the G3X-K calculations.
James P. Bezzina prepared the manuscript with input from all authors.
Author Contributions
I, Assoc. Prof. Adam J. Trevi￿, as James P. Bezzina’s primary supervisor and the
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described above.
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2.7± 0.5⇥ 1011 20.6± 0.6 7.5± 0.9⇥ 10 11
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2.7± 0.7⇥ 1011 21.0± 1.0 8.0± 2.0⇥ 10 11
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3.1 Instrumentation and Experimental Methods
￿e method utilised within this thesis is an extension of the doctoral work of Benjamin
Kirk[69] and Christopher Hansen[70], where a commercial linear quadrupole ion trap
mass spectrometer had been modi￿ed in order to allow laser pulses from an OPO laser
tuneable light source[70] to irradiate ions that have been isolated within the ion-trap.
￿ese modi￿cations allow for the synthesis of a radical species to study gas phase
reactions and the measurement of wavelength dependent photodissociation. ￿ese
experimental methods will be described with moderate detail, as they have already been
documented in the theses of both Benjamin Kirk[69] and Christopher Hansen[70].
3.1.1 Instruments
Listed in this section are the instruments, along with key information, crucial to the
investigations carried out throughout this thesis and that will be referred to throughout
this chapter.
• LTQ XL ￿e mass spectrometer used throughout this study, is a ￿ermo Fisher
Scienti￿c (San Jose, Ca) LTQ XL linear quadrupole mass spectrometer. ￿is mass
spectrometer was controlled using the XcaliburTM 2.2 SP1.48 so￿ware package
installed onto a PC.
• OPO Tuneable Light Source ￿e optical parametric oscillator (OPO) tuneable
light source laser used for the spectroscopic component of this study is a GWU-
Lasertechnik ￿exiscan (versaScan+uvScan) OPO system with UV-L and UV-S
secondary harmonic generation (SHG) crystals and UV-L+ sum frequency mixing
(SFM) capability. ￿e pump laser is a Spectra-Physics ￿anta-Ray INDI Nd:YAG
40
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laser continuously operating at 10Hz, using the third harmonic to pump the GWU
OPO with ⇠100mJ per pulse.
• Digital Delay Generator ￿is unit is a ￿antum Composers 9520 8-channel
Digital Delay Pulse Generatorwith a resolution of 250 ps, 1 ns accuracy and<50 ps
ji￿er.
• Mechanical Beam Shutter ￿e mechanical beam shu￿er used within this
experimental setup is a ￿orlabs SH05 half-inch beam shu￿er controlled by a
￿orlabs SC10 controller.
• Laser Power Meter ￿e laser power meter referred to throughout Section 3.1 is
a Gentec-EO Solo2 laser power monitor with a UP19K-15S-W5 power detector,
which has a diameter of 17mm and measures 9 up to 15W.
• Wavemeter ￿e OPO calibration wavemeter is a Toptica HighFinesse WS/5
Precision Wavelength Meter with a range of 1120 - 350 nm (3000MHz accuracy).
3.1.2 Mass Spectrometry
All mass spectra resulted from isolation of ions for 30mswith a CID activation energy
of 0.0 (arbitrary units), unless speci￿ed otherwise, over an average of 50 scans. Mass
spectra are reported as ion abundances relative to the base peak at 100%. ￿is is achieved
by normalising ion abundance to the maximum peak height. ￿e key notation that















Figure 3.1: Outline of the key describing the method used to acquire each individual
mass spectrum
Generation of Ions All mass spectrometry was conducted on the LTQ XL mass
spectrometer listed in Section 3.1.1. Solutions of each compound were introduced
to the mass spectrometer as ions via the commercially available Ion Max ESI ion
source, set to 5 ￿Lmin 1. Once these ions exit the transfer capillary they are guided
through an opening in the skimmer cone, which is o￿set to reduce the number of
neutral molecules from entering the ion guides. A detailed internal schematic of this
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instrument is presented in Figure 3.2, which is reproduced from the LTQ XL hardware
manual[71]. From the ion trap, detectors relay a signal to the control PC computer.
Typical instrumental conditions used for the start points of optimisation of the ion signal
for all of the ions reported in this thesis are summarised in Table 3.1.
100 Torr 10-3 Torr 2 x 10-3 Torr5 x 10-2 Torr 2 x 10-5 Torr
Figure 3.2: Graphical representation of the internal components of the XL mass
spectrometer reproduced from the LTQ XL hardware manual[71].
Table 3.1: Typical instrumental conditions for the mass spectral analysis of ions and
radicals.
Spray Voltage 4.2 kV
Capillary Voltage 15V
Capillary Temperature 275  C
Sheath Gas Flow 8 (arbitrary units)
Sweep Gas Flow 0 (arbitrary units)
Auxiliary Gas Flow 0 (arbitrary units)
Tube Lens Voltage 20V
Optical Access to the Ion-Trap ￿e LTQ XL has been modi￿ed by the milling of a
10mm hole through the removable backplate, which is covered by a 2.75 inch diameter
and 0.13 inch thick vacuum-sealed quartz viewport. ￿is hole is colinearly aligned to
the 2mm back lens ori￿ce of the linear ion trap. ￿e quartz viewport is speci￿ed for
>90% transmission between wavelengths 220 nm and 2.0 ￿m, allowing for successful
irradiation of the trapped ion cloud by a laser pulse. ￿e laser pulse then continues
through the LTQ ion guides, through to termination on the skimmer cone.
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3.1.3 Photodissociation Action Spectroscopy
As stated earlier, the setup for this experiment has been described in great detail in
the PhD thesis by Christopher Hansen[70] and in work published by Hansen et al. [30],
a schematic of this experimental setup is included in Figure 3.3. In short, studying
the wavelength dependence of photodissociation events becomes possible by way of
optically coupling the ion-trap with the midband OPO and second harmonic generation
(SHG) unit. ￿is allows for irradiation of trapped ions between 220 nm and 2.5 ￿m
with a resolution of up to 0.05 nm, and measurement of photoproducts. ￿is laser is
aligned through the ion-trap of the mass spectrometer by two prisms which direct the
beam through two apertures that are positioned before the quartz viewport. ￿e beam
is somewhat collimated by a long focal length cylindrical lens that is placed a￿er the
mechanical shu￿er.
￿e shot-to-shot noise of the INDI laser is minimised when pulsed at a constant 10Hz,
making it preferable to trigger the Q-Switch o￿ the internal trigger. Due to this, rather
than being triggered externally, laser pulses are selectively blocked by a mechanical
shu￿er which allows of one laser pulse through per scanning cycle. ￿is shu￿er is reliant
on two trigger signals: the ￿rst being a ‘gate’ and the second being the ‘trigger’, both
are received by the digital delay generator. ￿e ‘gate’ signal is sent from the Xcalibur
so￿ware to the digital delay generator at the beginning of every isolation cycle (the
typical isolation time for an action spectrum is 220ms). ￿is opens an electronic gate in
the digital delay generator so that when the second signal, the ‘trigger’, signal is detected,
the shu￿er may open. ￿is second signal is sent from the Q-Switch of the INDI laser, and
then a signal is sent from the digital delay generator to the shu￿er, opening the shu￿er
for 100ms. All together, this allows for an average of one pulse to enter the ion-trap per
isolation cycle.
For eachwavelength throughout a scan, photodissociationmass spectrawere acquired
and saved with the ￿le name pre￿x ‘scan’ and then a number corresponding to the
chronological position of this scan. ￿is data was extracted using a program wri￿en
by Christopher Hansen in LabView 2011. Initial parameters of the action spectrum are
wri￿en into the program, these include: them/z range of the mass spectra taken, them/z
of the photoproduct, the wavelength range in nanometers and thewavelength increment
of the scan, as well as the directory of acquired mass spectra. ￿is program opens each
mass spectrum according to the order of their number and integrates the area underneath
the peak speci￿ed, normalising this value to the total ion count of the spectrum. ￿is
program gives values for photodissociation yield and standard deviation as a function
of wavelength.












LTQ XL Mass Spectrometer






Figure 3.3: Experimental schematic of the quadrupole mass spectrometer, modi￿ed
to include a tuneable OPO and ￿xed wavelength laser which ￿rst into the ion trap,
reproduced from Hansen et al. [30].
A￿er each action spectrum scan, a laser power scan at 10Hz is taken across the same
wavelength range studied. Laser power is recorded in mW by a power meter and given
as a function of wavelength by a LabView 2009 power scanning program. ￿ese values
are then converted to joules and used to power correct the photodissociation e￿ciencies





Each action spectra reported represents an average of three individual scans plo￿ed
as a function of wavenumber.
3.1.4 ￿antum Chemical Calculations
￿antum chemical calculations were performed using Gaussian 09 so￿ware suite[72],
visualisation of the results obtained by this so￿ware suite was undertaken using
GaussView 5.0.8 [73]. Ground state energy schematics were calculated using G4(MP2)-
6x[74]. Excited state energieswere determined using TD-DFT calculationswith the CAM-
B3LYP[75] and wB97XD[76] methods, with an aug-cc-pVDZ[77,78] basis set. ￿e Franck-
Condon absorption spectra were simulatedwith the TD-DFT frequencies and geometries
using PGOPHER[79].
3.1.5 Chemicals
Table 3.2 lists the chemicals utilised throughout this masters thesis. All compounds
were used without further puri￿cation or modi￿cation.
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Methanol HPLC Grade (min. 99.7%) ￿ermo Fisher Scienti￿c
Formic Acid 99% ￿ermo Fisher Scienti￿c
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3.2 Diazanaphthalenes
In the following section the photodissociation of protonated phthalazine, quinazoline
and quinoxaline, three isomers of diazanaphthalene (Scheme 1) will be described.
Photodissociation action spectra of these ionswill be reported across 340 to 220 nm, with
higher resolution spectra included for regions of the spectrawhich appear to exhibit ￿ner
structure. Representative single wavelength photodissociationmass spectra are reported
at a wavelength which incurs a high yield of photoproduct as determined by the action
spectrum. ￿e calculated enthalpies of putative photoproducts are included, calculated
using the G4(MP2)-6x method[74]. Photodissociation action spectra were analysed
and some assignments made with the help of TD-DFT calculations with the CAM-
B3LYP[75] functionality and an aug-cc-pVDZ basis set, with Franck-Condon absorption
spectra simulated with PGOPHER[79]. It should be noted that the quinazolineH+ isomer
of diazanaphthalene has two potential protonation sites, these isomers have been
determined to lie in close proximity to each other as far as enthalpies are concerned
and therefore both isomers are considered within the analysis, from here on the le￿
isomer in Scheme 1 will be referred to as quinazoline-1-H+ and the right isomer will be














3.2.1 Photodissociation Mass Spectra
Photodissociation mass spectra for phthalazineH+, quinazolineH+ and quinoxalineH+
are displayed in Figure 3.4 (a), (b) and (c), respectively. In each case, photodissociation
mass spectra of the diazanaphthaleneH+ isolated species (m/z 131) were acquired
between m/z 50 and 300 and at a high energy wavelength that lies within the most
prominent feature of the photodissociation action spectrum of that cation (discussed
later). All three of these isomers display a major product peak at m/z 104, which
corresponds to the loss of 27Da (indicative of HCN loss), and is common with the
photodissociation of many nitrogen containing heteroaromatics[45,50,80–82]. ￿en another
common production observed from all three isomers is m/z 77, which corresponds to
the loss of 54Da, and is possibly the formation of the phenylium cation, which is also
recorded to occur in the photodissociation of quinoline and isoquinoline[50].
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While only two photodissociation products are observed within the mass spectrum
of phthalazineH+ (Figure 3.4 (a)), the photodissociation mass spectra of quinazolineH+
(Figure 3.4 (b)) and quinoxalineH+ (Figure 3.4 (c)) exhibit additional products ions. In
addition to photoproducts at m/z 77 and m/z 104, quinzolineH+ photodissociation at  
= 240 nm shows the formation of a product at m/z 51, which is the loss of 80Da from
the parent peak. ￿inazolineH+ also shows an overall larger relative intensity for the
photodissociation products than phthalazineH+ at 240 nm.
Figure 3.4 (c) displays the 240 nm photodissociation mass spectrum of quinoxalineH+
between m/z 50 and 150. At   = 240 nm, quinoxalineH+ photodissociation products
are detected in strong yields. While this species also forms a product at m/z 77,
quinoxalineH+ forms a product at m/z 129, which is the loss of 2Da. ￿e loss of
2Da from the parent peak in the photodissociation mass spectrum of quinoxalineH+ is
indicative of the loss of H2 molecule, and the formation of a quinoxalinylium structure
reminiscent to that which has been recorded to form in the UV photodissociation of gas-
phase pyridineH+ [45]. ￿ere is also the detection of the product peak at m/z 51 similarly
to that seen in the photodissociation mass spectrum of quinazolineH+.

































































Figure 3.4: Photodissociation mass spectrum taken of phthalazineH+ (a), of
quinazolineH+ (b) and of quinoxalineH+ (c) at 240 nm
3.2.2 Product Channels
￿e low energy photodissociation bands for each isomer (discussed later) are from the
m/z 77 product ion. ￿e formation enthalpies of ￿ve photoproduct channels have been
calculated using the G4(MP2)-6x method[74] and are displayed in Figure 3.5. ￿e product
appearing at m/z 77 is most likely the phenylium cation, due to the thermochemical
values (Figure 3.5). ￿e mechanistic pathways to these products have not been explored
here. In this case, all of the explored product channels have reaction enthalpies
above that of the single photon energy of the measured region. ￿e lowest enthalpy
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photoproduct, phenylium + N -methylenecyanamide, ⇠47 610 cm 1 is greater than the
highest single photon energy (⇠45 454 cm 1), pointing towards a two photon absorption
process for this photodissociation channel. ￿is would need to be tested in future studies
￿e other photoproduct channel ism/z 104, corresponding to the loss of HCN. Figure
3.6 shows nine photoproduct channels for m/z 104, calculated with the G4(MP2)-6x
computational method. Unlike the phenylium cation product channels, a large portion
of the isomers calculated for the m/z 104 product peak show reaction enthalpies within
the single photon energy threshold, even the low energy photon region. ￿e lower
enthalpy isomers all display resonance stability to a degree, by delocalisation of the
charge. However, when a   radical is incorporated into the benzene ring, the enthalpy
of the photoproducts increases into that of the higher energy region and the two photon
energy region. Preliminary power dependancy experimental data has been included in
the supplementary information, however this is still grounds for further work.
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Figure 3.5: Calculated G4(MP2)-6x enthalpies for the ground-state formation of the
phenylium cation from the four diazanaphthalene isomers, given in wavenumbers. ￿e
photon energy is marked on the y-axis for a single-photon and a two-photon excitation.














































































Figure 3.6: Calculated G4(MP2)-6x enthalpies for the ground-state formation of the
HCN-loss product the four diazanaphthalene isomers, given in wavenumbers. ￿e
photon energy is marked on the y-axis for a single-photon excitation within the low
energy bands and high energy bands and a two-photon excitation.
3.2.3 Photodissociation Action Spectra
Ultraviolet photodissociation action spectra were measured for three isomers of
protonated diazanaphthalene cations, phthalazineH+, quinazoline+ and quinoxaline+,
displaying either two or three major photodissociation products of each isomer. ￿e
wavelength dependence of the photodissociation of these cations has been measured
across the UV recorded region 340-220 nm (⇠29 000-45 500 cm 1). Photodissociation
action spectra were measured at a resolution of 1 nm for survey spectra and at higher
resolutions (either 0.25 nm or 0.1 nm) over some features. As will be shown, all three
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cations exhibit a high energy band (260-220 nm) and a low energy band (within the
region 340-260 nm). ￿e low resolution survey spectra for each ion is shown in Figure
3.7 between the wavelengths 340 and 220 nm.
Figure 3.7 (a) shows a survey spectrum of
phthalazineH+, reporting the photodissociation e￿ciency of the photoproducts formed
at m/z 77 and 104. ￿e survey spectrum of phthalazineH+ contains a small ripple in the
low energy (⇠30 000 - 34 000 cm 1) region from them/z 77 photoproduct. ￿is product
channel is then overtaken by the m/z 104 photoproduct, which is the major product
channel through the mid energy range (⇠34 000 - 40 000 cm 1). ￿e high energy feature
(>⇠40 000 cm 1 appears to have a some structure, which is examined in further detail
later.
Figure 3.7 (b) displays the photodissociation e￿ciency of quinazolineH+ following
the photoproducts m/z 51, 77 and 104. Similarly to phthalazineH+, the spectrum of
quinazoineH+ has a low intensity feature at the lower energy region of the spectrum
( >275 nm), and an intense feature at higher energy. ￿e lower energy region displays a
major product ofm/z 77, with the photoproductm/z 104 taking over in the higher energy
region. ￿is spectrum does not, however, display observable photoproducts between the
two peaks.







































Figure 3.7: Low resolution photodissociation action survey spectra (340-220 nm) of
phthalazineH+ (a), quinazolineH+ (b) and quinoxalineH+ (c), following the wavelength
dependence of the formation of the photoproducts at m/z 77 and m/z 104 and minor
products.
Figure 3.7 (c) is the survey spectrum for quinoxalineH+, following the photoproduct
formation of m/z 77, 104 and 129. Similar to quinazolineH+ and phthalazineH+,
this spectrum exhibits features in both the high energy and low energy regions of
this scanned region. ￿e low energy region signal ( =⇠330 nm) is very broad and
structureless at this resolution, while the high energy feature is sharp. As with the
previous two diazanaphthalenes, the peak at m/z 77 is the dominant photoproduct for
the feature within the higher energy wavelengths, while there is an obvious crossover
of product channels as the wavelength decreases and through the high energy feature,
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the dominant product is, again, m/z 104.
￿e spectrum of each cation contains a high energy feature and a low energy feature.
￿e most obvious di￿erence between results is that phthalazineH+ displays one feature
more than the other two spectra. Other than the intensities of the low energy features,
another di￿erence is that the high energy feature of quinoxalineH+ is red-shi￿ed in
comparison to the other two, with their onsets at ⇠41 000 cm 1 while the onset of the
high energy feature for quinoxalineH+ is ⇠40 000 cm 1.
3.2.4 Spectral Analyses
Ultraviolet photodissociation survey spectra for the three isomers of protonated
diazanaphthalene have revealed multiple bands, within the scanned region, for each
isomer. In this section, higher resolution spectra of each feature will be reported as
an average of three spectra. Each spectrum will be analysed using CAM-B3LYP TD-DFT
calculations and Franck-Condon (FC) simulations to assign and understand any structure
which is observed.


































Figure 3.8: Photodissociation action spectrum of phthalazineH+, following the
formation of photoproducts at m/z 77 and m/z 104.
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Figure 3.8 is a higher resolution (  =0.1 nm) photodissociation spectrum (average
of three scans) of phthalazineH+ between the wavelengths 340 and 299 nm. ￿e
lowest energy peak is at ⇠29 950 cm 1, which appears to be followed by some vibronic
structure. A￿empts to model these vibronic details using a FC simulation and TD-DFT
calculations show that some features in the experimental spectrum are reproduced by
the FC simulation. More details about the computation simulation are described later.
Initiallym/z 77 is the major photoproduct, howeverm/z 104 becomes the major product
at >⇠32 500 cm 1.























Figure 3.9: Photodissociation action spectrum of the low energy bands (300-259 nm)
of phthalazineH+, following the wavelength dependence of the formation of the
photoproducts at m/z 77 and m/z 104.
￿e feature within the region 300-259 nm is shown in Figure 3.9 with a resolution of
  =0.25 nm. ￿is structureless feature has an onset atf⇠33 500 cm 1 before plateauing
at around 3500 cm 1 and then dropping o￿ at 37 000 cm 1 and leading to the onset of
the high energy feature of the measured region. ￿roughout this wavelength range m/z
104 is the major product observed, with m/z 77 being ⇠10% of the intensity. ￿ere are
no features to ￿t. ￿is could be the result of congested spectral features or the result of
very short excited state lifetimes.
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Figure 3.10: Photodissociation action spectrum of the low energy bands (260-220 nm)
of phthalazineH+, following the wavelength dependence of the formation of the
photoproducts at m/z 77 and m/z 104.
Figure 3.10 shows the high energy portion of the PD action spectrum. ￿is region
spans 260-220 nm at a resolution of   =0.25 nm. ￿e major product is m/z 104, again
with the minor product being m/z 77. ￿is feature begins with a peak centred at
⇠41 000 cm 1 to display a possible origin peak at ⇠41 900 cm 1 and then a second
feature at ⇠42 750 cm 1. A￿er the second peak, the feature becomes completely
structureless and broad, before continuing on beyond the GWU OPO’s wavelength
capability.
Predicted excited-state transition energies are listed in Table 3.3. ￿e calculated S1 and
S5 states have the largest vertical oscillator strengths. ￿e higher energy transition has
a predicted adiabatic transition energy of ⇠45 402 cm 1, which is ⇠3500 cm 1 higher
in energy than the high energy excited state measured in Figure 3.10, the calculated
oscillator strength is roughly eight times larger than the other lower ￿ve excited states,
which is in accord with the large intensity of this feature. ￿is spectrum has been
simulated using PGOPHER (the stick spectrum in Figure 3.10), however the lack of
structure is such that this assignment is somewhat speculative. As listed in Table 3.3,
the S5 transition consists of multiple electronic rearrangements, the major being the
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transition of the HOMO-1 to the LUMO and the HOMO to LUMO+1 and then a small
contribution from the HOMO to the LUMO+2, this is assigned descriptively as a ⇡* ⇡
transition, displayed in the graphical representation of the molecular orbitals in Figure
3.11. ￿e mid-range feature which plateaus at ⇠35 000 cm 1 has no structure to aid in
the assignment, however it appears in the same region as the calculated S2 excited state,
which is a ⇡* ⇡ transition with a relatively low oscillator strength, and is a tentative




























Figure 3.11: Valence molecular orbitals active in the lowest ￿ve electronic transitions
of phthalazineH+.






Strength Con￿guration State % Transition
S1 34 012/31 760 0.0502 HOMO 1!LUMO+1 6 ⇡* ⇡
HOMO!LUMO 92 ⇡* ⇡
S2 38 034/36 999 0.0002 HOMO 1!LUMO 40 ⇡* ⇡
HOMO!LUMO+1 56 ⇡* ⇡
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S3 42 402/ ? 0.0001 HOMO 2!LUMO 96 ⇡* n
S4 46 026/ ? 0.0037 HOMO 2!LUMO+1 92 ⇡* n
HOMO 2!LUMO+8 3 ⇡* n
S5 46 522/45 402 0.4036 HOMO 1!LUMO 48 ⇡* ⇡
HOMO 1!LUMO+1 18 ⇡* ⇡
HOMO!LUMO+1 25 ⇡* ⇡
HOMO!LUMO+2 4 ⇡* ⇡
￿e S1 excited state is dominated by the electronic excitation through a ⇡* ⇡
rearrangement involving the HOMO and LUMO. ￿is transition is predicted to have
an adiabatic transition energy of 31 760 cm 1, which is a shi￿ of ⇠1800 cm 1 higher in
energy than the ￿rst feature of the low energy band, Figure 3.8. ￿e stick simulation
(in Figure 3.8) shows the most active normal mode assigned as ⌫9, exhibiting a
short progression which has been assigned to be the cause of the major structure
throughout the band. Two other normal modes (⌫8 and ⌫11) are calculated to be
contributing throughout the progression, with the possibility of ⌫11 causing the
appearance of peak spli￿ing. ￿ese normal modes are all in-plane a0 ring breathing
modes, displayed schematically in Figure 3.12. ￿e simulated spectrum has been red-
shi￿ed by ⇠850 cm 1, with the predicted frequency of ⌫9 being 509 cm 1 and ⌫8
being 497 cm 1, corresponding closely to that of the major progression through this
band (⇠500 cm 1), then less apparent structure appearing at ⇠600 cm 1 which is in






Figure 3.12: Schematic representations of the predominant vibrational normal modes
(⌫8, ⌫9 and ⌫11) for the low energy band of phthalazineH+.
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Figure 3.13: Photodissociation action spectrum of the low energy bands (315-275 nm)
of quinazolineH+, following the wavelength dependence of the formation of the
photoproducts at m/z 51, m/z 77 and m/z 104, with a resolution of 0.25 nm.
￿e low energy region (315-275 nm) of the quinazolineH+ PD action spectrum
displayed in Figure 3.13 at a resolution of   =0.25 nm. ￿ere is a slow onset of the
m/z 77 product channel at ⇠32 000 cm 1, which plateaus at ⇠33 000 cm 1. ￿e onset
of the m/z 104 product is much slower than that of the m/z 77, and then plateaus at
⇠36 000 cm 1 and remains until the onset of the high energy feature. Initially, the major
product channel is m/z 77, however at ⇠34 500 cm 1 the m/z 104 product becomes the
major product channel. Compared to the low energy onset of phthalazineH+ (Figure 3.8),
there are no discernible vibronic features.
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Figure 3.14: Photodissociation action spectrum of the low energy bands (260-220 nm)
of quinazolineH+, following the wavelength dependence of the formation of the
photoproducts at m/z 51, m/z 77 and m/z 104, with a resolution of 0.25 nm.
￿e high energy (260-220 nm) feature of quinazolineH+ is displayed in Figure 3.14 at
a resolution of   =0.25 nm. ￿is follows the photodissociation product of m/z 104 and
has a steep onset at ⇠40 000 cm 1 which peaks at ⇠41 500 cm 1, then displays three
more sharp peaks at ⇠42000, ⇠42750 and ⇠43 500 cm 1. ￿e onset reminiscent of
the phthalazineH+ high energy feature, however the phthalazineH+ displays two sharp
peaks, before one broad and featureless peak at⇠43 000 cm 1, where the quinazolineH+
feature displays four peaks in total and becomes featureless as it begins to tail o￿ beyond
the GWU OPO’s wavelength capability.
￿e ￿ve lowest calculated transitions for quinazoline-1-H+ are reported in Table 3.4
and the ￿ve lowest calculated transitions for quinazoline-3-H+ are reported in Table 3.5.
￿ese protomers were calculated to be very similar in energy (reported in Figure 3.5
and 3.6 the G4MP2-6x energy di￿erence is 60 cm 1), therefore it is assumed in the room
temperature conditions of the ion trap, both isomers will be present. ￿e transitions
with the largest oscillator strengths for both protonation sites are the calculated S1, S3
and S5, these transitions are predominated by ⇡* ⇡, with ⇡* n transitions displaying
much lower oscillator strengths. ￿e small feature in the low energy region (reported
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in Figure 3.13) could be assigned as S1 excited state transition calculated for either
quinazoline-1-H+(purely HOMO!LUMO (⇡* ⇡) , represented graphically in Figure
3.15), quinazoline-3-H+ (majority HOMO!LUMO (⇡* ⇡), with a small contribution
from a HOMO-1!LUMO+1 (⇡* ⇡), represented graphically in Figure 3.16), or a
combination of transitions from both isomers. ￿is feature displays very weak signal,




























Figure 3.15: Valence molecular orbitals active in the lowest ￿ve electronic transitions
of quinazoline-1-H+.






Strength Con￿guration State % Transition
S1 30 975/28 377 0.0396 HOMO!LUMO 96 ⇡* ⇡
S2 33 263/27 934 0.0002 HOMO 2!LUMO 95 ⇡* n
HOMO 2!LUMO+1 3 ⇡* n
S3 37 586/36 663 0.0782 HOMO 1!LUMO 72 ⇡* ⇡
HOMO!LUMO+1 25 ⇡* ⇡
S4 46 303/41 752 0.0036 HOMO 2!LUMO+1 92 ⇡* n
HOMO 2!LUMO+10 4 ⇡* n
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S5 47 459/47 271 0.6351 HOMO 1!LUMO 23 ⇡* ⇡
HOMO 1!LUMO+2 9 ⇡* ⇡
HOMO!LUMO+1 61 ⇡* ⇡

























Figure 3.16: Valence molecular orbitals active in the lowest ￿ve electronic transitions
of quinazoline-3-H+.






Strength Con￿guration State % Transition
S1 32 906/30 090 0.0282 HOMO 1!LUMO+1 2 ⇡* ⇡
HOMO!LUMO 97 ⇡* ⇡
S2 36 414/ ? 0.001 HOMO 2!LUMO 97 ⇡* n
S3 37 683/ ? 0.0152 HOMO 1!LUMO 55 ⇡* ⇡
HOMO!LUMO+1 42 ⇡* ⇡
S4 42 119/ ? 0.0016 HOMO 2!LUMO+1 95 ⇡* n
S5 46 594/45 604 0.6876 HOMO 1!LUMO 39 ⇡* ⇡
HOMO 1!LUMO+1 6 ⇡* ⇡
HOMO 1!LUMO+3 2 ⇡* ⇡
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HOMO!LUMO+1 45 ⇡* ⇡
HOMO!LUMO+3 5 ⇡* ⇡
￿e large feature, which peaks at ⇠41 500 cm 1 (reported in Figure 3.14) correlates
well with FC simulated vibronic transitions, and has therefore been assigned as
transitions from each isomer. ￿inazoline-1-H+ has a predicted S5 transition at
47 271 cm 1, and quinazoline-3-H+ has a predicted S5 transition at 45 604 cm 1, FC
simulations of these excited states (the stick spectrum in Figure 3.14 suggests that
transitions from both of these isomers contribute to this feature. ￿e largest contributing
frequencies of quinazoline-1-H+ (⌫13 and ⌫35 of the black stick spectrum) do not align
with any structure observed if the origin is assumed to be the initial peak, if the origin
is assumed to be the second peak, the stick spectrum seems to explain the experimental
spectrum a li￿le be￿er. ￿is can be achieved if the initial peak is then assumed to be
the origin peak of quinazoline-3-H+. ￿e S5 states of both protonation sites are ⇡* ⇡
rearrangements which involve multiple orbitals, but both isomers display dominant
transitions between HOMO-1!LUMO and HOMO!LUMO+1.
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Figure 3.17: Photodissociation action spectrum of the low energy bands (340-290 nm)
of quinoxalineH+, following the wavelength dependence of the formation of the
photoproducts at m/z 77, m/z 104 and m/z 129, with a resolution of 0.25 nm.
Figure 3.17 displays the low energy feature (340-290 nm) of quinoxalineH+ at a
resolution of   =0.25 nm. ￿is feature has an onset at ⇠35 000 cm 1 which peaks
at ⇠30 500 cm 1 before a dropping to a shoulder at ⇠32 000 cm 1 and then tailing o￿
to ⇠34 000 cm 1. ￿is feature is more intense than that of quinazolineH+, however it
does not contain any sharp structure as observed in phthalazineH+. ￿is feature also
does not display the apparent product channel cross over observed in the previous two
diazanaphthalene cations, with m/z 77 remaining the major product throughout the
entire feature.
￿e photodissociation action spectrum of quinoxalineH+ following the high energy
region of the measured spectrum (260-220 nm) at a resolution of   =0.25 nm is
displayed in Figure 3.18. ￿is feature is much like the previous two diazanaphthalene
cations with a sharp onset, however this onset is redshi￿ed compared to phthalazineH+
and quinazolineH+ beginning at⇠39 500 cm 1. ￿is onset peaks at⇠40 900 cm 1 before
tailing o￿ to a trough then peaking again at ⇠41 400 cm 1 and ⇠42 500 cm 1, then
forming a small shoulder at ⇠43 000 cm 1 and then tailing o￿. ￿is feature is far more
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Figure 3.18: Photodissociation action spectrum of the low energy bands (260-220 nm)
of quinoxalineH+, following the wavelength dependence of the formation of the
photoproducts at m/z 77, m/z 104 and m/z 129, with a resolution of   =0.25 nm.
intense than the low energy feature, and displaysm/z 104 as it’s major peak, rather than
the m/z 77 product that was previously the major peak.
For quinoxalineH+, the predicted states with the largest oscillator strengths are
the calculated S2, S3 and S5 states (Table 3.6). ￿e S2 state is predicted to be
signi￿cantly red shi￿ed from the scanned region, therefore assignment of the lower
energy feature scanned (Figure 3.17) is the calculated S3 state. ￿is transition displays
purely ⇡* ⇡ character with an electronic rearrangement involving the HOMO-1 and
HOMO molecular orbitals and the LUMO and LUMO+1 orbitals. ￿e higher energy
feature of quinoxalineH+ (Figure 3.18) has been tentatively assigned to the calculated
S5 state, which is an entirely ⇡* ⇡ transition, however a minimum energy geometry
for this state has not yet been optimised. ￿is transition incorporates the electronic
rearrangement HOMO!LUMO+1 as majority of the transition with HOMO-1!LUMO
and HOMO-1!LUMO+2 comprising the minority.

























Figure 3.19: Valence molecular orbitals active in the lowest ￿ve electronic transitions
of quinoxalineH+.






Strength Con￿guration State % Transition
S1 29 215/25 492 0.0014 HOMO 2!LUMO 97 ⇡* n
S2 29 305/26 407 0.0255 HOMO!LUMO 98 ⇡* ⇡
S3 34 704/33 710 0.1635 HOMO 1!LUMO 84 ⇡* ⇡
HOMO!LUMO+1 14 ⇡* ⇡
S4 45 777/38 868 0.0001 HOMO 2!LUMO+1 97 ⇡* n
S5 46 324/ ? 0.5324 HOMO 1!LUMO 12 ⇡* ⇡
HOMO 1!LUMO+2 12 ⇡* ⇡
HOMO!LUMO+1 71 ⇡* ⇡
PhthalazineH+, quinazolineH+ and quinoxalineH+ all have both low energy and high
energy transitions that lead to observable photodissociation within the wavelengths of
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340-220 nm, however phthalazineH+ has a feature at wavelengths between these two
bands. ￿e low energy bands of each cation displays m/z 77 as the major product, with
quinazolineH+ and phthalazineH+ showing a product crossover, and quinoxalineH+ not
displaying the the crossover until the high energy feature. ￿e high energy features of
each cation are somewhat similar, with each showing intense peaks before tailing away,
however the high energy feature of quinoxalineH+ is redshi￿ed by ⇠1000 cm 1 when

































Figure 3.20: Graphical comparison of the ￿rst ￿ve predicted excited states of
phthalazineH+, quinazolineH+ and quinoxalineH+.
￿e ￿ve lowest predicted excited states for each of phthalazineH+ (le￿), both
protonation sites of quinazolineH+ (centre) and quinoxalineH+ (right) are represented
graphically as a function of wavenumber in Figure 3.20. ￿e excited states of these
cations are all within the same wavenumber region (29 215-47 459 cm 1). Each excited
state of similar character and energy level is connected to the analogous excited state in
the neighbouring cation by a straight line for comparison.
￿e ￿rst two excited states of phthalazineH+ are ⇡⇡*, which is followed by two n⇡*
states, with all three of these states evenly spread out and the highest energy of the ￿rst
￿ve states is another ⇡⇡* state which is in close proximity of the preceding n⇡* state.
￿e ￿rst two calculated quinazoline-1-H+ excited states are separated by <400 cm 1,
with the rest of the states spread apart, until the highest two. ￿e lowest lying n⇡* state
has fallen in energy when compared to that of the predicted phthalazineH+ state, and is
the calculated S2 state, with the next ⇡⇡* state now the calculated S3, while the upper
two states are n⇡* (calculated S4) and ⇡⇡* (calculated S5). ￿e ￿rst two excited states of
quinazoline-3-H+ separate greatly, when compared to the ￿rst protonation site, a similar
trend is observed between the upper two states. Similarly to quinazoline-1-H+, the two
lowest predicted states of quinoxaline+ are separated by a ￿ne margin (<100 cm 1),
however, in this case the lowest excited state is the low lyingn⇡* transition, with the next
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higher state being the lowest lying ⇡⇡*, followed by another ⇡⇡* excited state. Similarly
to the phthalazineH+ and quinazolineH+ cations, the two highest energy states of the
lowest ￿ve predicted excited states are again n⇡* (calculated S4) and ⇡⇡* (calculated S5).
￿e absence of a low-lying ⇡* n excited state in phthalazineH+ could cause a longer
excited state lifetime in the lower energy excited states, leading to the ￿ner structure
which has been observed.
While there are many low lying triplet states for each of these cations, literature on
the deactivation through intersystem crossing of this class of molecule is sparse. We
have hypothesised this lack of triplet deactivation being due to the ultrafast nature of
the internal conversion relaxation process of these molecules disallowing intersystem
crossing to occur. For reference and future work in this area, vertical transition energies
to triplet states have been calculated and are supplied in the supplementary information
provided in the appendix (Table C.35). Continuing onwith future work, a more complete
list of excited state optimisations would be required to tell the whole story of these ions.
Especially the high energy features of quinoxalineH+, as no optimised geometry was
obtained for the high energy S5 excited state.
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3.3 Ethynylpyridines
￿e electronic spectroscopy of aromatic alkenes and alkynes have been studied
in the past due to their photoactivated basicity[83,84]. A number of studies have
investigated the spectroscopy of neutral phenylacetylene molecule through REMPI[85]
and photoionisation spectroscopy[86] with all studies reporting two photon dissociation
energies at⇠71 000 cm 1. Cyanobenzene as been studied by by photodissociation action
spectroscopy,and is shown to absorb strongly throughout the ultraviolet region with a
peak at 224 nm [20]. Protonated pyridine is isoelectronic to neutral benzene, so, similarly
the protonated ethynylpyridinium ion may exhibit similarities to phenylacetylene. ￿is
chapter will examine three N -protonated isomers of ethynylpyridinium (2-, 3- and 4-
ethynylpyridinium), displayed in Scheme 2, using UV photodissociation mass spectra.
￿e product enthalpies of dominant photoproducts will be reported, calculated by
the G4(MP2)-6x calculation method[74]. Photodissociation survey spectra between the
wavelengths of 340 and 220 nm at a resolution of   =1 nm are reported, followed
by higher resolution (  =0.25 nm and   =0.1 nm) spectra. A￿empts to model the
dominant Franck-Condon active frequencies for the active excited states were performed









3.3.1 Photodissociation Mass Spectra
Figure 3.21 includes representative photodissociation mass spectra of N -protonated
2-, 3- and 4-ethynylpyridine ((a), (b) and (c), respectively), reported between m/z 50
and 150. ￿ese photodissociation mass spectra are at wavelengths that correspond to
strong photodissociation: the 3-ethynylpyridinium spectrum is acquired at  =240 nm
and 2- and 4-ethynylpyridinium spectra at  =266 nm. ￿e parent ion for each isomer is
m/z 104. Primary photodissociation product ions occur at the same mass for all three
isomers: m/z 77 and 78. ￿e product peak atm/z 78 has been observed as a photoproduct
for other pyridinium related ions and is assigned as the 2-pyridinylium ion[32,45]. ￿e
product peak occurring at m/z 77 is the loss of 27Da, which corresponds to the loss of
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Figure 3.21: Photodissociation mass spectrum of N -protonated 2- (a), 3- (b) and
4-ethynylpyridine (c) at 266 nm for 2- and 4-ethynylpyridine and 240 nm for 3-
ethynylpyridine, from m/z 50-150.
Another photoproduct which is observed within these mass spectra is the m/z 96
product peak. ￿is product however, is assigned as the addition of H2O to the product
peak at m/z 78 and has been observed previously from photodissociated pyridinium
derivatives[32,45]. N -protonated 4-ethynylpyridinium displays one extra photoproduct
than the other two isomers, occurring at m/z 51 (potentially C4H+5 ), corresponding to
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the loss of 53Da.
3.3.2 Product Channels
Product enthalpies for plausible product sets, calculated using the G4(MP2)-6x
method, are displayed in Figure 3.22 (m/z 78) and Figure 3.23 (m/z 77). ￿e photoproduct
m/z 78 is assumed to be an isomer of the pyridinylium cation (C5H4N+) of which only the
2-pyridinylium isomer of this ion and acetylene are calculated within the single photon
energy limit for all three isomers (31 887 cm 1 = 314 nm). It will be shown that the
4-pyridinylium + C2H2 channel is in the range of the 4-ethynylpyridineH+ spectrum.
￿e photodissociation action spectra will be described in the following sections. ￿e
photoproduct at m/z 77 is tentatively assigned as the phenylium cation, occurring from
the loss of either HCN or HNC from the parent ion. ￿e photoproduct enthalpy of both
photoproduct pathways are within the single UV photon energy range, however these
are only single point energies, therefore no comment can be made relating to energy
barriers involved in the formation of these ions.


































Figure 3.22: Calculated G4(MP2)-6x enthalpies for the ground-state formation of the
pyridinylium (m/z 78) cation isomers from the three N -protonated ethynylpyridinium
isomers, given in wavenumbers relative to 4-ethynylpyridinium.





























Figure 3.23: Calculated G4(MP2)-6x 0K enthalpies for the ground-state formation
of the phenylium (m/z 77) cation from the N -protonated ethynylpyridinium isomers,
given in wavenumbers relative to the 4-ethynylpyridinium cation.
3.3.3 Photodissociation Action Spectra
￿e photodissociation products of the threeN -protonated ethynylpyridinium isomers
(2-, 3- and 4-ethynylpyridinium) have been measured within the UV wavelength region.
￿e wavelength dependence of them/z 77 and 78 photoproducts weremeasured over the
wavelength region 340-220 nm (⇠29 000-45 500 cm 1) at   =1 nm and are displayed
in Figure 3.24. ￿ese survey spectra follow the photodissociation e￿ciency of the
formation of the major two products (m/z 77 and 78). ￿e UV photodissociation action
spectroscopy will be discussed in ensuing paragraphs.
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￿e survey photodissociation spectrum ofN -protonated 2-ethynylpyridinium (Figure
3.24 (a)) displays two distinct bands. ￿e ￿rst band beginning at ⇠33 800 cm 1, with a
small peak at ⇠34 000 cm 1 before reaching peak intensity at ⇠36 000 cm 1, this band
then shoulders before tailing o￿ at ⇠40 000 cm 1. A second band in this survey region
begins at⇠41 500 cm 1 and displays three main peaks, at⇠42 500 cm 1, ⇠43 500 cm 1
and then at ⇠44 500 cm 1 before tailing o￿.
￿e survey spectrum for N -protonated 3-ethynylpyridinium, following the
wavelength dependence of the photoproducts m/z 77 and 78 is displayed in Figure 3.24
(b). ￿is spectrum shows a dominant band, that begins with a broad, low intensity
shoulder. From ⇠33 000 cm 1 photoproducts are present in small amounts, however
at ⇠39 000 cm 1 the intensity of photodissociation increases signi￿cantly. ￿e high
intensity region of the survey spectrum has four distinct peaks centred at⇠39 500 cm 1,
⇠40 250 cm 1, ⇠41 500 cm 1 and ⇠42 500 cm 1, before tailing o￿ and then continuing
to photodissociate at  =220 nm, where the spectrum terminates.
￿e photodissociation e￿ciency of N -protonated 4-ethynylpyridinium forming the
products m/z 77 and 78 between the wavelengths 340 and 220 nm (Figure 3.24 (c))
shows a feature beginning at⇠35 500 cm 1, exhibiting multiple peaks, with small peaks
at ⇠36 500 cm 1 and ⇠37 500 cm 1 and the two most intense at ⇠38 500 cm 1 and
⇠39 500 cm 1. A￿er the two largest peaks, this feature slowly tails o￿ with potential
peaks centred at ⇠40 000 cm 1 and ⇠41 000 cm 1.


































Figure 3.24: Photodissociation action survey spectra of the three isomers of N -
protonated ethynylpyridinium between the wavelengths 300-220 nm at a resolution of
  =1 nm, following the photodissociation e￿ciency of the formation of m/z 77 (blue
line) and 78 (red line) for each isomer 2- (a), 3- (b) and 4-ethynylpyridinium (c).
3.3.4 Spectral Analysis
￿e survey spectra for the of N -protonated ethynylpyridinium isomers have each
revealed at least one strong feature within the scanned region. ￿e following paragraphs
will, further examine any structure present in each spectrum, by exploring higher
resolution spectra. Excited state calculations using the wB97XD TD-DFT functionality
and Franck-Condon (FC) simulations will be used to explain UV features.
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Figure 3.25: Photodissociation action spectrum of protonated 2-ethynylpyridine
between the wavelengths 300-245 nm at a resolution of   =0.25 nm, following the
photodissociation e￿ciency of the formation of m/z 77 (blue line) and 78 (red line).
Figure 3.25 is an average of three spectra, which plots the 300-245 nm
photodissociation action spectrum ofN -protonated 2-ethynylpyridinium, following the
intensity of the photoproducts m/z 77 and 78. A small shoulder peak at ⇠33 800 nm
could be a hot band or the origin of this transition. Apart from the small shoulder peak,
this spectrum does not appear to contain any reproducible ￿ne structure, there is a peak
at ⇠36 000 nm which drops of to a plateau between ⇠37 000 nm and ⇠38 000 nm. Due
to the lack of structure, no vibronic simulations were a￿empted.
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Figure 3.26: Photodissociation action spectrum of protonated 2-ethynylpyridine
between the wavelengths 245-220 nm at a resolution of   =0.25 nm, following the
photodissociation e￿ciency of the formation of m/z 77 (blue line) and 78 (red line).
￿e high-energy feature of N -protonated 2-ethynylpyridinium is shown at higher
resolution (  =0.25 cm 1) in Figure 3.25. ￿is feature, contains three peaks, separated
by⇠800-⇠1000 cm 1 which may give some basis for a future assignment along with FC
simulations. ￿e ￿rst peak is centred around ⇠42 500 cm 1, followed by a broader peak
that is just as intense centred around⇠43 500 cm 1 and the last peak is less intense and
centred around ⇠44 500 cm 1. A￿er this succession of peaks, the feature then tails o￿
to the limit of the scannable UV region.











Figure 3.27: Valence molecular orbitals active in the lowest ￿ve electronic transitions
of N -protonated 2-ethynylpyridine.
CHAPTER 3. PHOTODISSOCIATION ACTION SPECTROSCOPY 79






Strength Con￿guration State %
S1 37 590/36 311 0.2868 HOMO 2!LUMO+1 3
HOMO!LUMO 93
S2 39 023/ ? 0 HOMO 1!LUMO 85
HOMO 1!LUMO+1 10
HOMO 1!LUMO+8 3















￿e lowest ￿ve excited states of 2-ethynylpyridinium, derived from wB97XD TD-
DFT calculations, have been listed in Table 3.7, with the corresponding frontier orbitals
represented graphically in Figure 3.27. Based on the results from TD-DFT calculations
(Table 3.7), the band at ⇠36 000 cm 1 (reported in Figure 3.25) is assigned as the
excitation to the S1 state. ￿is excitation is dominated by a transition between theHOMO
and the LUMO (Figure 3.27), which is a ⇡* ⇡ transition, the dense nature of the FC
simulation for this geometry discerned no meaningful information and was therefore
omi￿ed. ￿e higher energy band, shown in Figure 3.26, with an onset ⇠42 000 cm 1 is
assigned as the S3 state is also ⇡* ⇡ in nature.
CHAPTER 3. PHOTODISSOCIATION ACTION SPECTROSCOPY 80









































Figure 3.28: Photodissociation action spectrum encompassing the low energy
absorption feature of protonated 3-ethynylpyridine, measured across the region 310-
220 nm at a resolution of   =0.25 nm, following the wavelength dependence of the
formation of the m/z 77 (blue line) and 78 (red line) photoproducts.
￿e UV photodissociation spectrum (average of three scans) of N -protonated 3-
ethynylpyridinium was acquired at a higher resolution   =0.25 nm between the
wavelengths 310-220 nm, capturing the feature observed in the survey spectrum. At
⇠33 000 cm 1 there is the beginning of a low intensity feature, which is broad and
structureless, centring at ⇠36 000 cm 1, before tailing o￿ and combining into the more
intense feature. ￿ere is a small ripple at ⇠38 200 cm 1, which leads directly into an
intense, sharp peak at ⇠39 500 cm 1. ￿is ￿rst intense feature is followed by three
other sharp peaks spaced by ⇠1000 cm 1, with potentially a forth in the succession at
⇠43 500 cm 1. ￿is spectrum then displays an increase in photodissociation e￿ciency
of the molecule continuing beyond the capabilities of the OPO laser.










Figure 3.29: Valence molecular orbitals active in the lowest ￿ve electronic transitions
of N -protonated 3-ethynylpyridine.
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Table 3.8: ￿e ￿ve lowest-lying, predicted transitions of N -protonated 3-






Strength Con￿guration State %
S1 36 746/34 872 0.0888 HOMO!LUMO 92
HOMO!LUMO+1 4








S4 42 706/ ? 0.0003 HOMO 1!LUMO 36
HOMO 1!LUMO+1 61
S5 49 332/47 591 0.1958 HOMO 3!LUMO+1 8
HOMO 2!LUMO 82
HOMO!LUMO+1 7
￿e ￿ve lowest excited states are calculated using TD-DFT and shown in Table 3.8
with the key frontier orbitals represented graphically in Figure 3.29. ￿e low-intensity
shoulder to the feature observed in Figure 3.28 is tentatively assigned to the calculated S1
state. ￿is state results from a transition dominated by the HOMO to LUMO transition
and is a ⇡* ⇡ transition, and with a calculated adiabatic transition (0-0) energy of
34 872 cm 1. ￿e simulation overlaid upon the spectrum in Figure 3.28 displays the
FC simulation of the optimised S3 state with unscaled frequencies, which is a transition
dominated by a HOMO to LUMO+1, ⇡* ⇡ rearrangement. ￿is simulation has been
red-shi￿ed by 800 cm 1 in order to best match with the experimental spectrum, and
shows that each peak is a combination of ⌫14 and/or ⌫29 with a progression of three
quanta of energy through ⌫1 (the only progression labelled is from the origin). ￿e ⌫14
and ⌫29 vibrational modes are all in-plane ring deformations or stretches of the ethynyl-
group, while the ⌫1 vibrational mode is an out of plane bend at the carbon ↵ to the
ethynyl-group. Schematic representations of these vibrations are displayed in Figure
3.30.











Figure 3.30: Schematic representations of the ⌫1, ⌫14 and ⌫29 vibrational modes of
N -protonated 3-ethynylpyridinium.


































Figure 3.31: Photodissociation action spectrum of protonated 4-ethynylpyridine
within the wavelength region 288-220 nm at a resolution of   =0.1 nm, following the
photodissociation e￿ciency for the formation of the products at m/z 77 (blue line) and
78 (red line).
Figure 3.31 shows a higher resolution (  =0.1 nm) photodissociation action spectrum
(average of three scans) of N -protonated 4-ethynylpyridinium between 288-220 nm.
￿e feature covered by this region displays some structure. ￿e overall feature begins
with two low intensity peaks, ⇠36 200 cm 1 and ⇠37 200 cm 1. Two sharp peaks at
⇠38 500 cm 1 and the other at 39 000 cm 1 tail o￿ to a plateau between ⇠39 200 cm 1
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Figure 3.32: Valence molecular orbitals active in the lowest ￿ve electronic transitions
of N -protonated 4-ethynylpyridine.
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Table 3.9: ￿e ￿ve lowest-lying, predicted transitions for protonated 4-





Strength Con￿guration State %
S1 34 399/32 032 0 HOMO 1!LUMO 94
HOMO 1!LUMO+6 4
S2 38 187/36 977 0.325 HOMO 1!LUMO+5 4
HOMO!LUMO 93
S3 42 463/41 302 0.0516 HOMO 3!LUMO+1 3
HOMO 2!LUMO 69
HOMO!LUMO+1 26
S4 49 522/48 030 0.1398 HOMO 2!LUMO 26
HOMO!LUMO+1 73
S5 51 576/48 172 0.0008 HOMO 1!LUMO+1 99
Again, the ￿ve lowest excited states are calculated and shown in Table 3.9, with the
key orbitals displayed graphically in Figure 3.32. ￿e predicted S1 excited state for N -
protonated 4-ethynylpyridinium occurs at ⇠32 032 cm 1, which is within the region
scanned, however it has an oscillator strength of zero. ￿is transition is dominated by
A2 transitions from the HOMO 1 to the LUMO and LUMO+6, which are symmetry
forbidden in C2v. ￿e ￿rst excited state with a large oscillator strength, S2, is dominated
by the HOMO!LUMO transition, with only a small contribution by the HOMO-
1!LUMO+5, and this transition is ⇡* ⇡. A FC simulation of this excited state, with
unscaled vibrational frequencies, is overlaid on the spectrum in Figure 3.31, although
there is li￿le structure to aid in the assignment, there are still some compelling overlaps
between the simulation and the experimental data to assign this observed feature as the
S2 state. ￿e dominant vibrational modes which occur in this simulation are the ⌫13
and ⌫30, with li￿le progression of each mode (Schematics of each vibrational mode are
included in Figure 3.33). Why the intensity of the action spectrum and FC intensities are
so di￿erent may be the result of multiphoton transitions, or other kinetic processes that





Figure 3.33: Schematic representations of the ⌫13 and ⌫30 vibrational modes of N -
protonated 4-ethynylpyridinium.
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All three isomers of N -protonated ethynylpyridinium display features within the
ultraviolet region 340-220 nm, all with the same major photoproducts of m/z 78 and
77. All three spectra show at least one excited state with some apparent structure, while
the 2- and 3-ethynylpyridinium exhibit two distinct excited states within this region.
￿is ￿ts well with the theoretical data which has been calculated, as both 2- and 3-
ethynylpyridinium were calculated to have two excited states within the scanned region
with signi￿cant oscillator strengths, however 4-ethynylpyridinium was only predicted
to display one major transition and a second transition which is possibly overshadowed.
￿e ￿rst ￿ve excited states of all three ethynylpyridinium isomers lie within the
wavenumber region 34 000 and 60 000 cm 1. ￿e predicted S1 excited states of both 2-
and 3-ethynylpyridinium are symmetry allowed (A0 symmetry), and in close proximity to
each other (within 1000 cm 1) and the S2 excited states derive from symmetry forbidden
transitions, while the ￿rst two excited states of 4-ethynylpyridinium are in the opposite
order (S1 transition is A2, forbidden in C2v and S2 transition is A1, allowed in C2v).
￿e third excited state of each isomer is of ⇡* ⇡ nature, and while this excited state
occurs within 1000 cm 1 for 3- and 4-ethynylpyridinium, the third excited state in 2-
ethynylpyridium is ⇠3000 cm 1 higher in energy.
￿e fourth singlet excited state of 3-ethynylpyridinium is low in energy (42 706 cm 1)
and derived from a symmetry forbidden transition. ￿e analogous (S4) excited state
of both 2- and 4-ethynylpyridinium occur ⇠50 000 cm 1 and are of ⇡* ⇡ nature,
which are both closer to the ￿￿h excited state of 3-ethynylpyridinium, which is ⇡* ⇡,
occurring at 49 332 cm 1, all of which are symmetry allowed.
Generally the TD-DFTmodels have a reasonable agreement with the spectral features.
However, there is more work to do in order to be￿er understand and model these
photodissociation spectra and rationalise the photodissociation pathways.
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3.4 Methylpyridines
￿e following section will focus on gas phase photodissociation of N -protonated
methylpyridinium, it is a preliminary investigation commenced towards the ￿nal stages
of this masters project. ￿is study details the photodissociation of three isomers of
N -protonated methylpyridinium (2-, 3- and 4-methylpyridinium), shown in Scheme
3. ￿e pyridine molecule and derivatives are the constituants of biological molecules
(e.g. nucleobases and porphyrins), of which the excitation and deactivation channels are
crucial to their function and stability within nature.
￿is chapter includes a study of the N -protonated methylpyridinium isomers; a
photodissociation mass spectrum of each isomer is included, along with enthalpies
calculated by the G4(MP2)-6x computational method[74]. Photodissociation action
spectra are also reported for each isomer between the wavelengths of 340 and 220 nm
at a resolution of   =1 nm for a survey spectrum, and then at higher resolution over
any features which may harbour ￿ner structure. When possible, vibronic spectra were
simulated for each isomer using a CAM-B3LYP[75] functionality with an aug-cc-pVDZ
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3.4.1 Photodissociation and Action Spectroscopy
￿e photodissociation mass spectra for the three isomers of N -protonated
methylpyridinium are presented in Figure 3.34. ￿ese mass spectra were measured
between m/z 50 and 300, however are displayed between m/z 50 and 100 due to a lack
of peaks at larger m/z values. Each photodissociation mass spectrum, for 2-, 3- and 4-
methylpyridinium, was recorded following irradiation with 240 nm photons, and these
are displayed in Figure 3.34 (a), (b) and (c) respectively.



















































Figure 3.34: Photodissociation mass spectrum taken of N -protonated 2- (a), 3- (b) and
4-methylpyridinium (c) at 240 nm, from m/z 50-100.
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Each photodissociation mass spectrum contains a major photoproduct at m/z 78,
which is the loss of 16Da assigned as the loss of CH4. ￿e formation of the product
ions at m/z 78 have been observed from the irradiation of pyridinium derivative
cations in previous studies completed by the UOWLaser Chemistry Laboratory research
group[32,45]. As well as the photoproduct forming at m/z 78, a smaller product peak
is apparent in all mass spectra. ￿is peak forms at m/z 96, which corresponds to the
addition of water to m/z 78. ￿ese gas-phase water reactions have been observed in
previous studies[32,45] and is indiscriminate of the pyridinylium ion which is formed.
￿ere are also small peaks measured at m/z 67, 77 and 93. While these peaks occur
in all spectra, they are most abundant within the photodissociation mass spectrum of
protonated 4-methylpyridinium. ￿ese products are not characterised here, only the
major photoproduct at m/z 78 will be analysed within this study.
3.4.2 Product Channels
Reaction enthalpies of the m/z 78 products (assigned as isomers of the pyridinylium
ion) are plo￿ed in Figure 3.35. ￿is ￿gure shows the reaction enthalpy of three
isomers of pyridinylium and methane, as well as the three isomer of N -protonated
methylpyridinium, in wavenumbers relative to N -protonated 2-methylpyridinium.
￿ese enthalpies were calculated using the G4(MP2)-6x method.
N -pyridinylium + CH4 is the product channel with the lowest predicted enthalpy
out of the three product channels tested. ￿is channel seems most reasonable for
N -protonated 2-methylpyridinium, as no further rearrangement is required following
dissociation of methane. ￿e other two isomers, however would require hydrogen
shi￿s in order to achieve the structure of N -pyridinylium. However the features of
these isomers do not begin until ⇠36 000 cm 1 for N -protonated 3-methylpyridinium
and ⇠38 000 cm 1 for N -protonated 4-methylpyridinium, as will be revealed in
the following sections with photodissociation action spectra, which far proceed the
predicted enthalpy of the 4-pyridinylium + CH4 product channel leaving this as a
viable dissociation channel without any isomerisation of the ion. Judging by these
predicted enthalpies, the photodissociation processes observed for the N -protonated
methylpyridinium isomers are assumed to be dominated by single photon processes.


































Figure 3.35: Calculated G4(MP2)-6x enthalpies for the ground-state formation of
the pyridinylium isomers and methane from the three isomers of N -protonated
methylpyridinium cations, given in wavenumbers.
3.4.3 Photodissociation Action Spectra
Ultraviolet photodissociation action spectra for the three isomers of N -protonated
methylpyridinium are included in Figure 3.36. ￿ese survey spectra (  =1 nm) comprise
the photodissociation yields of the formation of m/z 78 over the wavelengths 340 to
220 nm (⇠29 000-45 454 cm 1) at a resolution of   =1 nm. As will be discussed, each
isomer of N -protonated methylpyridinium exhibits a photodissociation feature within
this region.




























Figure 3.36: Survey spectra of the three isomers of N -protonated methylpyridinium
between the wavelengths 340-220 nm at a resolution of   =1 nm, following the
photodissociation e￿ciency of the formation of m/z 78.
Each of the spectra of the N -protonated methylpyridinium species reveals a feature
with a similar photon energy onset of, ⇠36 500 - 37 500 cm 1. 2-methylpyridinium
(reported in Figure 3.36 (a)) contains a broad peak which tails o￿ to the baseline
at ⇠42 500 cm 1. ￿e band observed in the survey spectrum (Figure 3.36 (b)) of 3-
methylpyridinium is a lot sharper than the band in 2-methylpyridinium, tailing o￿
before 40 000 cm 1. ￿e spectrum in Figure 3.36 (c), reports the survey spectrum of
4-methylpyridinium, which reveals what looks like two overlapping features, the ￿rst
beginning at⇠38 000 cm 1, peaking at⇠40 500 cm 1 and then tailing o￿ to a minimum
at ⇠43 000 cm 1 where the second feature begins, peaking at ⇠44 000 cm 1, and tails
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o￿ beyond the capability of the OPO tuneable light source.
3.4.4 Spectral Analysis
￿e following paragraphs further investigate the features observed within the survey
spectra of the three isomers of N -protonated methylpyridinium aquired at a higher
resolution   =0.25 nm. ￿e each methylpyridinium isomer is compared with a
CAM-B3LYP TD-DFT calculations and Franck-Condon (FC) simulation in a￿empt to
rationalise the band shape.






















Figure 3.37: Photodissociation action spectrum of protonated 2-methylpyridine
(comprised of an average of three spectra) between the wavelenths 290-220 nm at a
resolution of   =0.25 nm, following the photodissociation e￿ciency of the formation
of m/z 78.
￿e UV photodissociation action spectrum of protonated 2-methylpyridine (Figure
3.37) has been measured between the wavelengths 290-220 nm, encompassing the ￿rst
major absorption band of this cation at a resolution of  =0.25 nm. ￿is cation displays
one broad band within this region, spanning from ⇠36 000 cm 1 to ⇠44 000 cm 1. ￿is
band shows one broad peak at ⇠38 000 cm 1 before tailing o￿ and ￿a￿ening between
⇠38 500 cm 1 and ⇠39 500 cm 1, then tailing o￿ back to the baseline. ￿is band also
maybe shows a shoulder feature prior to the ￿rst peak at ⇠37 000 cm 1. ￿e FC
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simulation of this spectrum is very congested. ￿e origin of this congestion is due to
contribution of progressions through the ⌫1, ⌫2 and ⌫3 vibrational frequencies (122, 128
and 253 cm 1, respectively) combined with higher energy frequencies and contribution
from lower frequency methyl rotor modes. ￿e dominant vibrational frequency modes





Figure 3.38: Valence molecular orbitals active in the lowest three electronic transitions
of 2-methylpyridinium.
Table 3.10: ￿e three lowest-lying, predicted transitions of protonated 2-





Strength Con￿guration State %
S1 42 730/40 058 0.1424 HOMO 1!LUMO+1 9
HOMO!LUMO 91
S2 51 164/ ? 0.0029 HOMO 1!LUMO 50
HOMO!LUMO+1 49
S3 58 514/ ? 0.0045 HOMO 4!LUMO 9
HOMO 2!LUMO 87
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￿e three lowest excited states of N -protonated 2-methylpyridine, derived by CAM-
B3LYP TD-DFT calculations, are listed in Table 3.10 with the corresponding molecular
orbitals displayed in Figure 3.38. One potential excited state resides within the
region of the experimental peak, S1. From the spectrum (Figure 3.37) the origin of
this peak is tentatively assigned at ⇠36 500 cm 1 (-3500 cm 1 from the CAM-B3LYP
prediction), and the structureless shape of this band corresponds to the convoluted,
dense simulation of the S1 state, which is dominated by progressions through ⌫1, ⌫2
and ⌫3 vibrational frequencies and combinations of higher energy frequencies. ￿is
transition has been calculated to involve a transition between the HOMO!LUMO (91%)
and HOMO 1!LUMO+1 (9%), which are ⇡* ⇡ transitions.


















Figure 3.39: Photodissociation action spectrum (comprised of an average of
three spectra) encompassing the low energy absorption feature of protonated 3-
methylpyridine, measured across the region 290-220 nm at a resolution of  =0.25 nm,
following the wavelength dependence of the formation of the m/z 78. photoproduct.
Figure 3.39 shows the UV photodissociation action spectrum of protonated 3-
methylpyridine, measured from 290-220 nm at a resolution of   =0.25 , encompassing
the ￿rst major absorption band of this cation. Protonated 3-methylpyridine displays
one broad band within this region, spanning from ⇠36 000 cm 1 to ⇠43 000 cm 1 with
a small peak on the tail end of the band (at ⇠45 300 cm 1), which may lead into
another band beyond the capabilities of the OPO laser. ￿is band has a small peak at
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⇠37 000 cm 1 before a large broad peak which encompasses the entire band and peaks
at ⇠39 000 cm 1.
Table 3.11 lists the three lowest CAM-B3LYP TD-DFT calculated electronic excited
states, with the corresponding molecular orbitals represented graphically in Figure
3.40. Similarly to the 2-methylpyridine cation,N -protonated 3-methylpyridine was only
predicted to have one excited state which lies within the scanned region, S1 (Table
3.11). ￿e measured excited state band displays one small peak, assumed to be the
origin, before another sharp increase to the major feature of the band. ￿is excited
state is predicted to have an adiabatic transition energy of 40 797 cm 1, which is almost
4000 cm 1 blue shi￿ed from the experimental origin of ⇠37 000 cm 1. However the
feature measured experimentally is intense and sharp, which corresponds to the large
oscillator strength of the predicted excited state. Similarly to the 2-methylpyridine,
this excitation of N -protonated 3-methylpyridine involves an electronic rearrangement
between the HOMO and HOMO 1 and the LUMO and LUMO+1, which is a ⇡* ⇡
transition. During the course of this study no geometries were optimised, therefore






Figure 3.40: Valence molecular orbitals active in the lowest three electronic transitions
of 3-methylpyridinium.
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Table 3.11: ￿e three lowest-lying, predicted transitions of protonated 3-





Strength Con￿guration State %
S1 42 571/ ? 0.109 HOMO 1!LUMO+1 8
HOMO!LUMO 89
S2 49 576/ ? 0.0055 HOMO 1!LUMO 59
HOMO!LUMO+1 38
S3 57 290/ ? 0.0026 HOMO 4!LUMO 26
HOMO 2!LUMO 72


















Figure 3.41: Photodissociation action spectrum of protonated 4-methylpyridine within
the wavelength region 280-220 nm at a resolution of   =0.25 nm, following the
photodissociation e￿ciency for the formation of the product at m/z 78.
Figure 3.41 shows the wavelength dependence of the photodissociation of protonated
4-methylpyridine, monitoring the of m/z 78 photoproduct, between the wavelengths
280-220 nm at a resolution of   =0.25 nm. ￿is spectrum tracks the major absorption
band within the UV region for protonated 4-methylpyridine. ￿is band is a broad peak
with a sharp rise peaking at ⇠40 500 cm 1. ￿ree features starting at ⇠39 000 cm 1,
separated by ⇠400 cm 1 are apparent. ￿e second peak in this is narrower, centred at
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⇠44 000 cm 1, with the next band system at ⇠45 000 cm 1.
Graphical representations of the molecular orbitals involved in the lowest three
transitions of 4-methylpyridinium are displayed in Figure 3.42, with the CAM-B3LYP
TD-DFT calculated excited states listed in Table 3.12. Similarly to 3-methylpyridinium,
4-methylpyridinium was predicted to have one vertical transition located within the
same energy region as scanned. Unfortunately, as with the to 3-methylpyridinium, no
optimised geometry has been located for the excited state of this molecule, meaning that
no FC simulation could be performed. ￿e vertical transition predicted to occur within
the region of this photodissociation feature is the S1 excited state (44 986 cm 1). ￿is
state involvesHOMO!LUMOandHOMO 1!LUMO+1 transitions, making it a ⇡* ⇡
transition. It seems likely that location of the S2 optimised geometry will bring this state
to the energy range of the photodissociation spectrum. ￿e strong, sharp feature at





Figure 3.42: Valence molecular orbitals active in the lowest three electronic transitions
of 4-methylpyridinium.
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Table 3.12: ￿e three lowest-lying, predicted transitions for protonated 4-





Strength Con￿guration State %
S1 44 986/ ? 0.0747 HOMO 1!LUMO+1 17
HOMO!LUMO 80
S2 48 881/ ? 0.0913 HOMO 1!LUMO 78
HOMO!LUMO+1 20
S3 57 783/ ? 0.2860 HOMO 1!LUMO+1 81
HOMO!LUMO 17
All three isomers of the N -protonated methylpyridine cation display broad,
featureless absorption bands within the ultraviolet region. Protonated 2- and
3-methylpyridine both have absorption bands which lie within the same region
(⇠36 000 cm 1 to ⇠43 000 cm 1), however the absorption band of 4-methylpyridine is
blue shi￿ed in comparison, spanning from ⇠38 000 cm 1 to beyond 45 000 cm 1. ￿ere
are also distinguishing features between the three isomers, protonated 2-methylpyridine
displays a broad plateaued peak, protonated 3-methylpyridine displays one sharp
feature, with a sharp, small peak at the beginning of the peak and protonated 4-
methylpyridine displays a blue-shi￿ed band with one broad peak followed by one
sharper peak. CAM-B3LYP excited state calculations predicted all excited states within
the scanned region of this study to be of ⇡* ⇡ nature. ￿e structure evident in the 4-
methylpyridinium spectrum should be explored in future work, potentially at a higher
resolution and the understanding of all three isomers would bene￿t from minimum
energy geometries of excited states being located.
Chapter 4
Final Remarks and Future Work
￿is thesis has primarily focused on the study of electronically excited aromatic
species. ￿e oxidation reaction of 5-dehydrouracil species has been studied. ￿e
ultraviolet wavelength dependent photodissociation events of prototypical aromatic
molecules have been observed within the gas-phase. ￿e following includes concluding
remarks of the study and potential directions for future work.
4.1 Gas-Phase Radical Reactions
In Chapter 2 gas phase photodissociation radical synthesis, using ion-trap mass
spectrometry, allowed the measurement of the second order rate coe￿cient of the
oxidation reaction of the 5-dehydrouracil distonic radical cation. ￿e OH radical is a
major product. ￿e ￿rst direct studies of the quinone-type product and subsequent
decarbonylation product was revealed. ￿e use of gas phase distonic radical cation
reaction experiments allows for the extraction of fundamental knowledge into the
reactivities of these radical cations. Utilising mechanisms detailed within previous
studies[64,65] we can propose the structures and reaction pathways of these products with
good certainty.
￿e 5-dehydrouracilH+ radical cation undergoes oxygen addition to form a
theorised peroxyl intermediate before losing a hydroxy group to form a 4,5-dioxo-4,5-
dihydropyrimidin-1-ium. ￿is quinone-type species then undergoes decarbonylation
through loss of the 5-position carbon and then a formation of a 5-membered ring species,
which is supported by the O182 reaction mass spectrum.
￿e formation of the 5DHU radical cation within a biological system could
initiate the formation of a quinone species, and lead to subsequent DNA/RNA cross-
linking/alkylation[87]. ￿e product peak observed atm/z 113 corresponds to a hydrogen
abstraction by the radical cation, which is known to occur in DNA base pairs, within
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the DNA helices[11,39], which is the beginning to a formation of a lesion. Showing
the importance of the understanding of photochemistry and photo-initiated reactions
of biological molecules. Currently, the potential energy surface of this system is
under further investigation, with reactivities against a variety of molecules under
consideration.
4.2 Spectroscopy
￿e study encompassed by this section of the thesis focused on the studies
of photofragmentation of N -protonated heteroarmatic molecules in ultraviolet
wavelengths between 220 and 340 nm; building upon the studies previously conducted
within the Laser Chemistry Laboratory of UOW by Christopher Hansen. ￿e
experimental work began with N -protonated methylpyridinium isomers, building
complexity with ethynylpyridinium isomers and then ￿nally studies of three
diazanaphthalene isomers.
Figure 4.1 displays a graphical summary of all the spectra measured within this study
beginning with the methylpyridinium isomers, continuing down the spectra are the
ethynylpyridinium isomers followed by the diazanphthalene isomers studied within this
research. All three methylpyridinium isomers display product ions indicative of the loss
of methane when irradiated by an UV photon. ￿e 2- and 3-isomers display singular
broad peaks, with subtle de￿ning features that occur between ⇠290 and 240 nm. ￿e 4-
methylpyridinium isomer, however, displays some ￿ner structure towards the red side of
what was assigned as the S1 S0 state, and also displayed a band which was tentatively
assigned as the S2 S0 transition. ￿e lack of structure and an inability to locate excited
state minima for these ions has led to tentative assignments of transitions.
￿e three isomers of N -protonated ethynylpyridinium display fragmentation
products relating to the loss of either HCN or C2H2 when irradiated by ultraviolet
light. ￿e 2- and 3-ethynylpyridinium cations display two clear electronic bands within
this spectral region. 2-ethynylpyridinium shows one broad peak between ⇠310 and
260 nm (S1 S0), before reaching a baseline and then another band beginning at ⇠250
continuing past 220 nm S3 S0, the spectrum of 3-ethynylpyridinium however displays
a faint, broad peak beginning at ⇠330 nm (S1 S0), continuing on into the intense
structured peak at ⇠270 to ⇠230 nm (S3 S0). While minimum geometries were not
obtained for the 2-ethynylpyridinium excited states and the low energy excited state
for 3-ethynylpyridinium, the ￿ne structure for the 3-ethynylpyridinium high energy,
intense excited state was assigned to be a combination of the ⌫14 and/or ⌫29 vibrational
modes with a progression of three quanta through the ⌫1 vibrational mode. ￿e UV PD
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action spectrum for 4-ethynylpyridinium displayed some broad structure, and utilising
TD-DFT results from thewB97XD functionality in conjunctionwith PGOPHER so￿ware
suite, a simulation of this structure was acquired. Using this simulation an assignment
of the origin as the peak at ⇠275 nm was determined, also that the apparent structure
is created through a predominant combination of the ⌫13 and ⌫30 ring breathing and
ethynyl stretching frequencies, respectively.
￿e three studied isomers of protonated diazanaphthalene studied display similar
fragmentation pa￿erns. Each isomer has a highly dominant loss product indicative of the
formation of a phenylium cation at lower energies, and then a dominant photoproduct
indicative of the loss of HCN at high energy wavelengths. Each isomer displays at
least two bands throughout the UV region, one between 340 and 290 nm and the other
at high energies, between ⇠260 and beyond 220 nm, with phthalazineH+ displaying a
low lying, broad feature between the two dominant features. ￿e high energy features
of each ion, beginning at ⇠260 nm, all follow a similar progression, with an intense
peak at what is assumed to be the origin followed by other intense, broad peaks
before becoming featureless towards the higher energies. A special mention must be
given for quinazolineH+ in this instance, as it is apparent (from the calculations) that
both protomers of this ion are present in the gas phase. ￿e low energy bands of
quinazolineH+ and quinoxaline+ are generally featureless, however the intensities of the
bands were also extremely low. ￿e low energy band of phthalazineH+ displays sharp
structure for the ￿rst half of the band, which was assigned to be due to a progression
through the ⌫9 vibrational mode, with contributions from the ⌫8 and ⌫11 vibrational
modes, which are all ring breathing modes of the phthalalzineH+ cation.
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Figure 4.1: Photodissociation action spectra of the major photodissociation product
channels of the ions studied within this thesis.
Figure 4.2 displays the tentative assignments of each band for each ion, based
o￿ vertical transition energies from the TD-DFT calculations. ￿e general trend,
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for the comparable states is that the higher conjugations of the substitutions, the
lower energy of the excited state origin. ￿e S1 S0 states of methylpyridinium
cations are ⇠2000 cm 1 higher in energy than the analogous excited states in
the ethynylpryidinium ions (with the exception of 4-ethynylpyridinium, which was
symmetry forbidden) which were in turn ⇠1000 cm 1 higher in energy than the
diazanaphthalene cations. Similar trends were observed between the other higher level
excited states, with the largest di￿erences being between the S2 S0 excitation energies
of 4-methylpyridinium and 4-ethynylpyridinium (⇠8000 cm 1 lower in energy) and the
S3 S0 of 2- and 3-ethynylpyridinium and the quinoxalineH+ cation (⇠9000 cm 1 lower
in energy).
￿is study has explored the photochemistry of fundamental nitrogen heterocyclic
cation species, which are implicated within many biological and functional material.
Spectroscopical studies of protonated diazanaphthalene (phthalazineH+, quinazolineH+
and quinoxalineH+) cations and preliminary studies on the spectroscopy of N -
protonated methylpyridinium and ethynylpyridinium cations have been undertaken.
￿ese cations have been shown to display vibrant gas-phase photodissociation within
the ultraviolet region of the electromagnetic spectrum. Being only preliminary, further
detail could be ￿eshed out of these spectra with future studies of the cations studied.






















































Figure 4.2: Comparison of preliminary origin assignments on experimental spectra of
the ions studied within this body of work.
Further work is required to gain higher resolution spectra of the cations studied
(ethynylpyridnium cations and diazanaphthalene cations speci￿cally), i.e. optimisation
of the OPO cavity to produce the photons required across each feature and optimisations
of the cation signal. Many excited state geometries were not able to be converged
through the preliminary calculations. More work in this area would help to assign the
transition, origin and any speci￿c structure observed in each spectrum.
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5-dehydrouracil appendix




















































Figure A.1: ￿e CIDmass spectrum of 5-iodouracilH+. ￿e major products are the loss
of 18 Da and 43 Da, then followed by minor products of 19, 17 and 127 Da, with the
product atm/z 112 being that which corresponds to the mass of the target radical cation
5-dehydrouracilH+. Structures within this mass spectrum are iodinated adaptations of
the CID structures proposed by Sadr-Arani et. al [88].
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Figure A.2: ￿e oxygen reaction mass spectrum of the m/z 112 product formed by
the CID of 5-iodouracil. ￿is mass spectrum displays similar products to that of 5-
dehydrouracil synthesised by PD266nm, however the m/z 112 peak did not completely






































Figure A.3: ￿e partially complete potential energy surface of the formation of the
quinone species via addition of O2 to 5-dehydrouracil, the intermediate species between
the peroxyl species and quinone species has not yet been located.





































Figure A.4: ￿e potential energy surface for the decarbonylation of the quinone
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Figure A.6: ￿e oxidation reaction of m/z 112 species in background O2, in the
presence of an increased concentration of deuterated water within the ion trap.



























Figure A.7: ￿e CID mass spectrum of m/z 145.
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A large part of my project was the calibration and maintenance of the INDI-GWU
laser. ￿e processes involved in this can be found in detail within the manual for this
laser, however a short description of the processes involved will follow.
Flashlamp Changes When the pump laser power at 355 nm is low (<95mJ), it is
likely that the laser ￿ash lamp requires changing. To determine the shot count of the
￿ash lamp swap the serial port from the OPO serial cable to the INDI serial cable, then
open the GCR so￿ware and openWindow!Setup. A newwindowwill open, featured in
Figure B.1. If the shot count (the bo￿om le￿ box in Figure B.1) is greater than 10 000 000,
the ￿ash lamp is due for a change. Figure B.2 is a photograph of the INDI laser with the
shroud o￿ and labelled for the sake of this explanation.
Figure B.1: GCR INDI control so￿ware setup window.
Firstly, isolate the INDI laser from the power by keying it o￿, then switch it o￿ at the
source. Once isolated open up the laser box by undoing the 8 screws around the base
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and the rear of the laser. Unclip the top cooling water hose from the ￿ashlamp chamber
(circled and labelled 1. in Figure B.2) and allow for the water to drain. Once the water







Figure B.2: Labelled photograph of the ￿ashlamp cavity of the INDI pump laser.
Secondly, once the hoses are unclamped, unscrew both the thumb screws which hold
the ￿ashlamp cables into the block behind the laser cavity (3. in Figure B.2), taking
out both red and black cables. Remove the caps at each end of the laser cavity (4. in
Figure B.2) that hold the ￿ashlamp in then remove the ￿ashlamp by sliding it through
towards the back of the laser, being careful not to put pressure on the lamp itself as it is
removed, grind the inside of the cavity with the cables or damage/lose the o-rings which
are situated either side of the ￿ashlamp.
￿irdly, now that the old ￿ashlamp is removed, clean the new ￿ashlamp with lens
cloth and isopropyl alcohol. Slide the new ￿ashlamp through the same way which the
old ￿ashlamp was taken out. Be careful not to scratch the new ￿ashlamp or put pressure
on the lamp when sliding it through. Secure the ￿ashlamp and o-rings on with the caps
by screwing thumbscrews in tightly. Now secure the cables from the ￿ashlamp to the
block behind the laser cavity, being careful to make sure the thumb screws are in tightly.
Finally, replace the cooling water hoses. ￿ese will need a ￿rm push and a ’click’
should be felt when they are on securely. Run the cooling water pump and monitor
for leaks. Once it has been determined that there are no leaks, run the laser while
measuring the 355 nm power with the Solo2 Laser PowerMeter and tweak the screws on
the harmonic generator unit of the INDI laser (labelled in Figure B.3) to get themaximum
power from the new ￿ash lamp.
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Figure B.3: Photograph of the harmonic generator unit of the INDI pump laser, with
the adjustment screws circled.
Water Change ￿e ￿rst step is the same as that of the ￿ashlamp change, isolate the
INDI laser from the power and then drain the water from the laser cavity. Secondly, a￿er
the water has drained, syphon the water from the reservoir, using clean hose; make sure
that the syphon hose reaches all the way to the bo￿om of the reservoir, featured in Figure
B.4, so that the maximum amount of the old water is removed.
Figure B.4: Photograph of the water reservoir of the INDI pump laser.
Finally, once water has been drained from the reservoir, begin ￿lling it back up. Fill
the reservoir above the ’max usage level’ with deionised water. A￿er ￿lling the tank up,
rea￿ach the cooling water hoses to the laser chamber as per the ￿ashlamp change and
turn the laser back on, making sure there are no leaks. A￿er running the the laser, check
that the water level is still within the running usage level, and re￿ll if required.
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Calibration Calibration should be done once every few months, or whenever the
UV powers are not workable. ￿is calibration can require an entire day’s work,
however the laser powers gained a￿erwards are usually markedly higher than before
calibration. Figure B.5 is a photograph of the open GWU unit, labelled for the sake of
this explanation.
• Checking Conversion E￿ciency In order to determine conversion e￿ciency of
the OPO crystals ￿rstly measure the power in mJ of the 355 nm by placing the
power metre before the OPO telescope (labelled 1. in Figure B.5). Secondly, take
a reading of the power of signal + idler wavelengths by placing the power metre
directly a￿er the OPO crystal (2. in Figure B.5) and measuring the power at the
wavelengths 410, 480, 520, 570, 620 and 670 nm. ￿e e￿ciency should be given
in a % by using the formula (S+I)/P355 nm ⇥ 100.
• OPO Crystal Calibration To calibrate the OPO crystal, connect the wavemeter
to the OPO computer and open up the wavemeter so￿ware. Place a glass window
(located at 3. in Figure B.5) directly a￿er the OPO crystal (2. in Figure B.5),
which will be enough to pick o￿ a small amount of the beam. Use the mirror
which should already be set up in the OPO box to direct this beam into the ￿bre
optic of the wavemeter (4. in Figure B.5). Open the SHG so￿ware for the GWU
controller (ScanMaster SHG) and select the calibrate option (Con￿g!Calibration),
then choose the most resent calibration ￿le as the base for calibration and select
the crystals (in this case Stage 1 will be UV-L Signal and Stage 2 will be UV-
S). Open the HighFinesse wavemeter so￿ware and select start measurement,
then set wavelength to the 1st position in calibration so￿ware, then tweak the
laser oscillator, ￿bre optic position and the motor count of the crystal until
the wavelength reading remains stable from the wavemeter. Type in the stable
wavelength reading which was achieved and then select the next wavelength,
continue through the other ￿ve wavelenghts before selecting next and then ￿nish,
saving the calibration ￿le as the date of calibration. Select the calibration ￿le that
you just created and check the accuracy (<0.05 nm o￿ the value chosen), repeating
calibration if necessary.
• SHG Calibration Open up the SHG so￿ware, selecting the calibrate option and
follow the dialogue in a similar fashion the that of the OPO crystal calibration.
Click next on the OPO crystal calibration page and then select goto wavelength
on the ￿rst position. Set up the power metre a￿er the SHG box and either click +
or - until the largest power is received for that speci￿c wavelength. Do this for the
wavelengths 300, 280, 260, 320 and 340 nm, then switch the crystal from UV-L to
UV-S and follow the same procedure through the wavelengths 235, 225, 215, 245
and 255 nm. Save the calibration ￿le as the date of calibration.
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• SFM Calibration Calibration of the SFM requires the removal of the IR beam
block (labelled 5. in Figure B.5) and then follow the same stops as the SHG
calibration, however the ScanMaser SFG so￿ware should be opened. Once on







Figure B.5: Labelled photograph of the GWU with the lid o￿.
Once the calibration is complete, the ￿le should be saved as the date of calibration
in the folder which should be the default directory. ￿e UV region should be calibrated
whenever the UV powers which are reaching the back of the LTQ are not workable,
however due to the low energy required to initiate photodissociation, this energy should
be quite low. ￿e OPO crystal calibration should be done once every three months to
keep the wavelengths of the OPO corrected.
Appendix C
Diazanaphthalene Appendices
C.1 Geometries of G4(MP2)-6x Calculations
N N
Center Atomic Atomic Angstroms
Number Number Type X Y Z
1 6 0 -0.759914 0.588357 -0.000027
2 6 0 0.759914 0.588357 0.000027
3 7 0 0.793216 -0.687472 -0.000032
4 7 0 -0.793216 -0.687473 0.000032
5 1 0 -1.600752 1.282167 -0.000036
6 1 0 1.600752 1.282168 0.000035
N
N
Center Atomic Atomic Angstroms
Number Number Type X Y Z
1 6 0 -0.773218 0.463614 -0.000045
2 7 0 -0.702743 -0.813830 0.000015
3 6 0 0.773222 -0.463618 -0.000003
4 7 0 0.702739 0.813832 0.000013
5 1 0 1.635197 -1.132905 -0.000014
6 1 0 -1.635187 1.132911 0.000101
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N N
Center Atomic Atomic Angstroms
Number Number Type X Y Z
1 6 0 1.526981 0.287450 0.000002
2 7 0 0.562052 -0.542490 0.000000
3 6 0 -0.707021 -0.094399 -0.000000
4 7 0 -1.825821 0.196916 -0.000000
5 1 0 2.540974 -0.112392 -0.000007
6 1 0 1.385651 1.373096 -0.000003
C+
N
Center Atomic Atomic Angstroms
Number Number Type X Y Z
1 6 0 2.261059 -0.259279 -0.000007
2 6 0 1.716360 1.028409 -0.000006
3 6 0 0.340139 1.215894 -0.000003
4 6 0 -0.680469 0.173743 0.000006
5 6 0 0.136401 -0.885095 0.000007
6 6 0 1.373116 -1.376449 0.000002
7 1 0 3.329571 -0.459899 -0.000008
8 1 0 2.366314 1.898327 -0.000012
9 1 0 -0.136766 2.199733 -0.000007
10 1 0 1.680498 -2.417720 0.000007
11 7 0 -2.019606 0.504911 0.000017
12 6 0 -2.896398 -0.420526 0.000026
13 1 0 -3.944824 -0.123072 -0.000163
14 1 0 -2.658792 -1.491932 -0.000093
C+
N
Center Atomic Atomic Angstroms
Number Number Type X Y Z
1 6 0 2.315429 -0.470371 -0.000005
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2 6 0 1.843177 0.879824 -0.000007
3 6 0 0.486155 1.206748 0.000001
4 6 0 -0.509225 0.220294 0.000008
5 6 0 1.190493 -1.184894 0.000002
6 1 0 3.354999 -0.774152 -0.000005
7 1 0 2.609070 1.653933 -0.000012
8 1 0 0.169554 2.244812 0.000001
9 7 0 -1.843539 0.603808 0.000013
10 6 0 -2.837287 -0.177983 -0.000014
11 1 0 -3.837852 0.256144 -0.000004
12 1 0 -2.762939 -1.275410 -0.000047
13 6 0 -0.121752 -1.193117 0.000009
14 1 0 -0.830001 -2.014988 0.000012
C+
N
Center Atomic Atomic Angstroms
Number Number Type X Y Z
1 6 0 1.989652 0.257601 -0.000001
2 6 0 1.888020 -1.060993 -0.000000
3 6 0 0.469078 -1.265768 0.000000
4 6 0 -0.456750 -0.206835 0.000001
5 1 0 2.631467 -1.849730 -0.000001
6 1 0 0.116518 -2.296752 0.000000
7 7 0 -1.801121 -0.624198 0.000000
8 6 0 -2.764141 0.201292 -0.000001
9 1 0 -3.779721 -0.195358 -0.000002
10 1 0 -2.654875 1.293985 -0.000001
11 6 0 0.004242 1.126998 0.000000
12 1 0 -0.670441 1.980412 0.000000
13 6 0 1.395601 1.445943 -0.000000
14 1 0 1.810680 2.447402 -0.000000
CH+
N
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Center Atomic Atomic Angstroms
Number Number Type X Y Z
1 6 0 0.298180 -0.697095 -0.000001
2 6 0 0.298180 0.697095 -0.000001
3 6 0 -0.724622 1.548642 -0.000000
4 6 0 -1.952020 0.755803 0.000000
5 6 0 -1.952020 -0.755803 0.000000
6 6 0 -0.724622 -1.548642 -0.000000
7 1 0 -0.660055 2.616693 0.000003
8 1 0 -2.891732 1.267508 0.000001
9 1 0 -2.891732 -1.267508 0.000000
10 1 0 -0.660055 -2.616693 0.000003
11 7 0 1.615088 0.000000 0.000000
12 6 0 2.908688 0.000000 0.000000
13 1 0 3.443688 0.926647 -0.000002
14 1 0 3.443688 -0.926647 0.000002
N+
H
Center Atomic Atomic Angstroms
Number Number Type X Y Z
1 7 0 1.987848 -0.594352 -0.000052
2 6 0 1.946941 0.710413 0.000053
3 6 0 0.461557 0.755917 0.000059
4 6 0 0.495709 -0.656436 -0.000052
5 1 0 2.794369 1.393307 0.000107
6 6 0 -0.712354 1.463765 0.000116
7 6 0 -0.575194 -1.476451 -0.000113
8 6 0 -1.819645 -0.738778 -0.000054
9 6 0 -1.886524 0.645643 0.000053
10 1 0 -0.772472 2.547625 0.000196
11 1 0 -2.860022 1.126641 0.000090
12 1 0 -2.744193 -1.310353 -0.000098
13 1 0 -0.549255 -2.560437 -0.000195
14 1 0 2.753693 -1.260764 -0.000107




Center Atomic Atomic Angstroms
Number Number Type X Y Z
1 7 0 -2.878960 0.000058 0.000057
2 6 0 -1.580500 -0.000571 -0.000191
3 6 0 -0.347338 -0.697671 -0.000484
4 6 0 -0.347737 0.696964 0.000033
5 1 0 -3.400901 -0.867965 -0.000384
6 6 0 0.804674 -1.496766 -0.000339
7 6 0 0.803598 1.496850 0.000011
8 6 0 1.956286 0.719757 0.000070
9 6 0 1.956737 -0.718884 0.000422
10 1 0 0.816512 -2.580679 -0.000111
11 1 0 2.924789 -1.214984 0.001466
12 1 0 2.924145 1.216238 -0.000137
13 1 0 0.814184 2.580788 0.000006
14 1 0 -3.400324 0.868124 0.001631
N
H
Center Atomic Atomic Angstroms
Number Number Type X Y Z
1 7 0 3.082181 v 0.000017 -0.000044
2 6 0 1.933781 -0.000074 -0.000017
3 6 0 0.527910 -0.000128 -0.000003
4 6 0 -0.153498 1.239482 0.000092
5 1 0 4.089197 0.000097 -0.000072
6 6 0 -0.153690 -1.239596 -0.000083
7 6 0 -1.542452 1.223109 0.000105
8 6 0 -2.229764 0.000118 0.000025
9 6 0 -1.542645 -1.222979 -0.000068
10 1 0 0.399471 -2.174374 -0.000155
11 1 0 -2.092560 -2.159336 -0.000128
12 1 0 -3.316835 0.000194 0.000035
13 1 0 -2.092219 2.159553 0.000176
14 1 0 0.399830 2.174161 0.000152
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C+
NH
Center Atomic Atomic Angstroms
Number Number Type X Y Z
1 7 0 2.767447 -0.368110 0.000019
2 6 0 1.926708 0.567317 -0.000071
3 6 0 0.459638 0.245232 -0.000027
4 6 0 0.166770 -1.176605 -0.000081
5 1 0 3.739771 -0.058942 0.000174
6 6 0 -0.546687 1.211468 0.000054
7 6 0 -1.140345 -1.194101 -0.000048
8 6 0 -2.293289 -0.519058 0.000015
9 6 0 -1.901179 0.851945 0.000075
10 1 0 -0.273706 2.263306 0.000101
11 1 0 -2.698625 1.592601 0.000136
12 1 0 -3.315079 -0.881403 0.000016
13 1 0 2.158999 1.639621 0.000086
14 1 0 0.986817 -1.895593 -0.000146
C+
NH
Center Atomic Atomic Angstroms
Number Number Type X Y Z
1 7 0 -2.707620 0.397546 0.000009
2 6 0 -1.885534 -0.561400 0.000054
3 6 0 -0.423822 -0.254020 -0.000003
4 6 0 -0.012398 1.089367 -0.000061
5 1 0 -3.681918 0.093756 0.000021
6 6 0 0.519292 -1.288686 0.000034
7 6 0 1.365016 1.474994 -0.000119
8 6 0 1.988380 v 0.303963 -0.000017
9 6 0 1.928612 -1.019282 0.000088
10 1 0 0.228903 -2.339042 0.000082
11 1 0 2.713400 -1.767444 0.000148
12 1 0 -2.159539 -1.623857 0.000093
13 1 0 -0.755672 1.888909 -0.000072
14 1 0 1.730890 2.495240 -0.000187




Center Atomic Atomic Angstroms
Number Number Type X Y Z
1 7 0 -2.347814 0.505032 0.000000
2 6 0 -1.290696 1.282636 0.000000
3 6 0 0.000000 0.708950 0.000000
4 6 0 0.057835 -0.715596 0.000000
5 6 0 -1.189149 -1.423215 0.000000
6 7 0 -2.356601 -0.850928 0.000000
7 1 0 -1.469923 2.355729 0.000000
8 1 0 -1.212682 -2.511474 0.000000
9 1 0 -3.285411 0.897598 0.000000
10 6 0 1.186569 1.481181 0.000000
11 6 0 1.310807 -1.361278 0.000000
12 6 0 2.462945 -0.591802 0.000000
13 6 0 2.402516 0.825870 0.000000
14 1 0 1.131728 2.566811 0.000000
15 1 0 3.326419 1.397598 0.000000
16 1 0 3.434907 -1.078424 0.000000




Center Atomic Atomic Angstroms
Number Number Type X Y Z
1 6 0 -2.390260 0.717114 0.000021
2 6 0 -1.205468 1.424306 0.000202
3 6 0 -0.001178 0.692187 0.000125
4 6 0 0.008462 -0.741260 -0.000138
5 6 0 -1.235892 -1.429983 -0.000310
6 6 0 -2.406942 -0.708467 -0.000232
7 1 0 1.249109 2.314917 0.000485
8 1 0 -3.332834 1.258137 0.000073
9 1 0 -1.193781 2.511577 0.000388
10 1 0 -1.216021 -2.515888 -0.000497
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11 1 0 -3.363094 -1.224201 -0.000363
12 6 0 2.309069 -0.784937 -0.000029
13 6 0 2.361531 0.625718 0.000218
14 1 0 3.230136 -1.361995 -0.000120
15 1 0 3.286719 1.193810 0.000359
16 7 0 1.220790 1.297030 0.000292




Center Atomic Atomic Angstroms
Number Number Type X Y Z
1 6 0 -1.196547 -1.428846 -0.000001
2 6 0 -2.392594 -0.732614 -0.000000
3 6 0 -2.430045 0.687699 0.000001
4 6 0 -1.261469 1.417797 0.000000
5 6 0 -0.015313 0.736825 0.000000
6 6 0 -0.003122 -0.686630 -0.000000
7 7 0 1.233924 -1.279050 0.000000
8 6 0 2.365780 -0.580511 0.000001
9 7 0 2.398963 0.743347 -0.000000
10 6 0 1.242841 1.388286 -0.000001
11 1 0 -3.327205 -1.287741 -0.000000
12 1 0 -3.390503 1.194858 0.000002
13 1 0 -1.177438 -2.515665 -0.000001
14 1 0 -1.273150 2.504725 0.000001
15 1 0 3.297978 -1.140946 0.000002
16 1 0 1.289271 -2.294877 -0.000000




Center Atomic Atomic Angstroms
Number Number Type X Y Z
1 6 0 -1.229150 -1.427829 0.000017
2 6 0 -2.412223 -0.714747 -0.000020
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3 6 0 -2.429924 0.711060 -0.000019
4 6 0 -1.255740 1.425557 0.000008
5 6 0 -0.021106 0.714899 0.000036
6 6 0 -0.005132 -0.724555 0.000042
7 7 0 1.170070 -1.414401 0.000008
8 6 0 2.281488 -0.761854 0.000024
9 7 0 2.327342 0.609667 -0.000042
10 6 0 1.222404 1.350637 0.000038
11 1 0 -3.358535 -1.250186 -0.000103
12 1 0 -3.384015 1.230464 -0.000081
13 1 0 -1.205329 -2.513466 -0.000006
14 1 0 -1.253353 2.512674 -0.000009
15 1 0 3.236971 -1.280260 -0.000211
16 1 0 1.342106 2.431448 -0.000016
17 1 0 3.236568 1.063448 -0.000092




Center Atomic Atomic Angstroms
Number Number Type X Y Z
1 6 0 1.306457 -1.356795 0.000000
2 6 0 2.454348 -0.592918 0.000000
3 6 0 2.395867 0.819965 0.000000
4 6 0 1.186368 1.473409 0.000000
5 6 0 0.000000 0.706515 0.000000
6 6 0 0.056867 -0.712924 0.000000
7 6 0 -1.184466 -1.417900 0.000000
8 7 0 -2.353574 -0.842773 0.000000
9 7 0 -2.344723 0.502130 0.000000
10 6 0 -1.283336 1.281510 0.000000
11 1 0 1.358124 -2.444438 0.000000
12 1 0 3.427561 -1.082271 0.000000
13 1 0 3.322637 1.391528 0.000000
14 1 0 1.134384 2.561164 0.000000
15 1 0 -1.460538 2.356397 0.000000
16 1 0 -3.279057 0.904847 0.000000
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17 1 0 -1.207661 -2.507902 0.000000
Center Atomic Atomic Angstroms
Number Number Type X Y Z
1 6 0.000057558 -0.000050857 v -0.000000447
2 6 0.000018664 0.000047844 0.000000013
3 6 0.000163532 -0.000255151 -0.000000047
4 6 -0.000241789 0.000082315 0.000000231
5 6 -0.000148935 -0.000180840 0.000000473
6 6 0.000348351 0.000336534 -0.000000250
7 6 -0.000593562 0.000050592 0.000000346
8 7 0.000429685 -0.000257697 -0.000000096
9 7 -0.000144839 0.000041112 0.000000161
10 6 0.000098982 0.000167518 -0.000000290
11 1 -0.000060506 0.000012074 0.000000234
12 1 -0.000016175 -0.000010292 0.000000163
13 1 -0.000048273 0.000082975 -0.000000200
14 1 0.000083405 -0.000000668 -0.000000185
15 1 0.000033676 -0.000011226 -0.000000043
16 1 -0.000005151 -0.000046834 -0.000000025
17 1 0.000025377 -0.000007400 -0.000000036
Center Atomic Atomic Angstroms
Number Number Type X Y Z
1 6 -0.000611317 0.000042460 0.000000174
2 6 0.000301225 0.000214057 -0.000000043
3 6 0.000185016 -0.000151413 0.000000150
4 6 -0.000494336 -0.000066212 0.000000079
5 6 0.000239915 0.000617468 -0.000000242
6 6 0.000227763 -0.000600570 -0.000000165
7 6 -0.000143085 0.000147955 0.000000130
8 7 0.000109365 -0.000112683 -0.000000003
9 7 0.000019025 -0.000033130 -0.000000108
10 6 0.000089679 -0.000067601 0.000000031
11 1 0.000100800 -0.000005281 -0.000000048
12 1 -0.000059414 -0.000073095 0.000000015
13 1 -0.000043210 0.000045006 -0.000000058
14 1 0.000072270 0.000010149 -0.000000009
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15 1 -0.000010946 0.000006483 0.000000058
16 1 0.000004239 0.000031444 0.000000081
17 1 0.000013011 -0.000005037 -0.000000041
Center Atomic Atomic Angstroms
Number Number Type X Y Z
1 6 -0.013752485 -0.002212518 0.000000012
2 6 -0.005607739 0.051274008 0.000000010
3 6 v 0.013442347 -0.056754564 -0.000000004
4 6 -0.028800013 -0.009466801 -0.000000011
5 6 0.026017239 -0.011168821 0.000000021
6 6 0.036579557 0.044265265 0.000000018
7 6 -0.016990000 -0.073190113 -0.000000037
8 7 0.048738414 0.106595841 -0.000000001
9 7 -0.048638652 -0.031094909 0.000000003
10 6 -0.006565169 -0.018891149 -0.000000007
11 1 -0.000151432 0.000595640 0.000000000
12 1 -0.000984918 -0.001013605 0.000000000
13 1 0.000128939 0.000098588 -0.000000000
14 1 -0.001395170 0.000126467 -0.000000000
15 1 -0.006289187 -0.000798122 -0.000000001
16 1 -0.001701337 0.004078890 -0.000000001




Center Atomic Atomic Angstroms
Number Number Type X Y Z
1 6 0 1.183537 1.433032 0.000000
2 6 0 2.380932 0.750390 0.000000
3 6 0 2.429620 -0.663977 0.000000
4 6 0 1.271266 -1.399505 0.000000
5 6 0 0.022083 -0.731596 0.000000
6 6 0 0.000000 0.684427 0.000000
7 7 0 -1.245201 1.269858 0.000000
8 6 0 -2.369685 0.555391 0.000000
9 7 0 -2.390355 -0.767599 0.000000
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10 6 0 -1.223114 -1.395367 0.000000
11 1 0 1.156465 2.521944 0.000000
12 1 0 3.313257 1.313978 0.000000
13 1 0 3.396028 -1.164789 0.000000
14 1 0 1.294903 -2.488215 0.000000
15 1 0 -3.309419 1.106926 0.000000
16 1 0 -1.312003 2.285090 0.000000
17 1 0 -1.258168 -2.487516 0.000000
Center Atomic Atomic Angstroms
Number Number Type X Y Z
1 6 0.000159661 0.000088645 0.000000551
2 6 -0.000132792 -0.000221988 -0.000000290
3 6 -0.000189802 0.000291500 0.000000520
4 6 0.000285670 -0.000059597 -0.000000940
5 6 -0.000179801 0.000192344 -0.000000665
6 6 -0.000153828 -0.000286902 0.000000457
7 7 0.000332939 0.000098569 -0.000000267
8 6 -0.000307663 0.000030578 -0.000000359
9 7 0.000041752 0.000114555 0.000000142
10 6 0.000079011 -0.000220723 0.000000586
11 1 0.000010709 -0.000010209 -0.000000135
12 1 0.000034700 0.000052076 -0.000000054
13 1 0.000055700 -0.000087096 0.000000124
14 1 -0.000070570 0.000008431 0.000000273
15 1 0.000032016 -0.000003366 0.000000129
16 1 -0.000022950 -0.000019664 -0.000000016
17 1 0.000025248 0.000032846 -0.000000055
Center Atomic Atomic Angstroms
Number Number Type X Y Z
1 6 0 1.189210 1.384475 -0.000000
2 6 0 2.397865 0.691809 -0.000000
3 6 0 2.425202 -0.702059 -0.000000
4 6 0 1.238829 -1.424746 -0.000000
5 6 0 0.020152 -0.741671 -0.000000
6 6 0 0.000000 0.670517 0.000000
7 7 0 -1.243396 1.334695 0.000000
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8 6 0 -2.415093 0.634057 0.000000
9 7 0 -2.282046 -0.652354 0.000000
10 6 0 -1.259317 -1.459318 0.000000
11 1 0 1.177861 2.473678 -0.000000
12 1 0 3.331382 1.252144 -0.000000
13 1 0 3.376770 -1.230497 -0.000000
14 1 0 1.251154 -2.513130 -0.000000
15 1 0 -3.386469 1.118386 0.000000
16 1 0 -1.282782 2.345471 0.000000
17 1 0 -1.370904 -2.540826 0.000000
Center Atomic Atomic Angstroms
Number Number Type X Y Z
1 6 0.000147467 -0.000182939 0.000000410
2 6 -0.000056060 0.000232281 -0.000000480
3 6 0.000140015 -0.000272304 -0.000000154
4 6 -0.000096279 0.000189047 0.000000498
5 6 -0.000101715 0.000084519 -0.000000033
6 6 -0.000255819 -0.000097073 -0.000000172
7 7 0.000041522 0.000169274 -0.000000014
8 6 0.000025951 0.000326284 0.000000012
9 7 0.000121912 -0.000208020 0.000000032
10 6 -0.000068927 -0.000151179 -0.000000218
11 1 0.000062843 0.000019986 -0.000000003
12 1 -0.000031463 -0.000090072 0.000000119
13 1 -0.000034126 0.000078479 0.000000034
14 1 0.000037577 -0.000017662 -0.000000081
15 1 0.000021188 -0.000071949 -0.000000027
16 1 0.000020191 -0.000030531 0.000000027
17 1 0.000025724 0.000021859 0.000000052
Center Atomic Atomic Angstroms
Number Number Type X Y Z
1 6 0 1.244184 1.361322 -0.000000
2 6 0 2.395336 0.632897 -0.000000
3 6 0 2.379012 -0.811060 -0.000000
4 6 0 1.214347 -1.502287 -0.000000
5 6 0 -0.033980 -0.781182 0.000000
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6 6 0 0.000000 0.679638 -0.000000
7 7 0 -1.177942 1.347584 0.000000
8 6 0 -2.388490 0.779988 0.000000
9 7 0 -2.324961 -0.586419 0.000000
10 6 0 -1.268364 -1.395857 0.000000
11 1 0 1.269510 2.450820 -0.000000
12 1 0 3.354687 1.147261 -0.000000
13 1 0 3.326331 -1.347442 -0.000000
14 1 0 1.197162 -2.590489 -0.000000
15 1 0 -3.312021 1.342032 0.000000
16 1 0 -1.153509 2.366377 0.000000
17 1 0 -1.414115 -2.477465 0.000000
Center Atomic Atomic Angstroms
Number Number Type X Y Z
1 6 0.045085537 -0.007802577 0.000036280
2 6 -0.008996853 -0.012108434 -0.000023589
3 6 0.003167710 0.000069236 -0.000050975
4 6 0.009525239 0.005883175 -0.000039449
5 6 -0.009489865 -0.031172172 0.000083182
6 6 -0.042074396 0.036591995 0.000023370
7 7 0.009709498 -0.000611729 -0.000050966
8 6 0.002644689 -0.009294549 -0.000082319
9 7 0.012753835 0.025833180 0.000057991
10 6 -0.021698564 -0.010316676 0.000016179
11 1 0.000495976 -0.000656067 -0.000010940
12 1 -0.000670943 -0.000018710 0.000006373
13 1 -0.000060914 0.000933793 0.000027357
14 1 0.000658596 0.001455332 0.000021866
15 1 -0.000045996 -0.000324005 0.000026392
16 1 -0.000407492 -0.000346582 0.000013461




Center Atomic Atomic Angstroms
Number Number Type X Y Z
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1 6 0 1.226340 -1.421191 0.000004
2 6 0 2.405415 -0.712379 -0.000006
3 6 0 2.423848 0.707466 -0.000012
4 6 0 1.254349 1.417719 -0.000009
5 6 0 0.021486 0.710797 -0.000007
6 6 0 0.006182 -0.721140 0.000006
7 7 0 -1.169387 -1.416199 0.000018
8 6 0 -2.278893 -0.761463 -0.000005
9 7 0 -2.325086 0.613105 0.000008
10 6 0 -1.214307 1.349920 -0.000007
11 1 0 3.353213 -1.250092 -0.000003
12 1 0 3.380017 1.228032 -0.000014
13 1 0 1.204762 -2.508856 0.000011
14 1 0 1.254658 2.506856 -0.000012
15 1 0 -3.237937 -1.277340 0.000047
16 1 0 -1.327334 2.433420 -0.000004
17 1 0 -3.232587 1.071259 0.000017
Center Atomic Atomic Angstroms
Number Number Type X Y Z
1 6 -0.000003201 0.000058870 0.000000618
2 6 -0.000023799 -0.000064836 -0.000000200
3 6 -0.000155685 0.000168649 -0.000000118
4 6 0.000227052 -0.000090055 0.000000091
5 6 -0.000064478 0.000117406 -0.000000766
6 6 -0.000194185 -0.000180068 0.000000078
7 7 0.000301033 0.000017622 0.000000274
8 6 -0.000268428 0.000242363 -0.000000854
9 7 0.000095372 -0.000070882 0.000000086
10 6 0.000059512 -0.000140244 0.000000404
11 1 -0.000001406 0.000002061 0.000000091
12 1 0.000030801 -0.000042900 0.000000038
13 1 0.000038788 -0.000010434 0.000000035
14 1 -0.000055380 0.000005084 -0.000000126
15 1 0.000025995 -0.000027027 0.000000318
16 1 -0.000021926 0.000003286 0.000000002
17 1 0.000009935 0.000011106 0.000000030
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Center Atomic Atomic Angstroms
Number Number Type X Y Z
1 6 -0.000076044 -0.000121906 -0.000001452
2 6 -0.000020761 0.000156924 0.000000349
3 6 0.000223536 -0.000121192 0.000000306
4 6 -0.000219500 0.000005899 -0.000000399
5 6 -0.000037486 0.000272035 0.000000293
6 6 0.000108967 -0.000180373 0.000000426
7 7 -0.000149719 0.000217021 -0.000000137
8 6 0.000144857 -0.000377568 0.000000068
9 7 0.000026616 0.000306749 -0.000000114
10 6 -0.000056873 -0.000241067 0.000000045
11 1 0.000037454 0.000031523 0.000000099
12 1 -0.000000133 -0.000015284 -0.000000051
13 1 -0.000009543 0.000010604 0.000000383
14 1 0.000020103 0.000003486 0.000000235
15 1 -0.000025954 0.000024056 0.000000007
16 1 0.000023377 0.000021439 -0.000000075




Center Atomic Atomic Angstroms
Number Number Type X Y Z
1 6 0 1.205285 1.416975 0.000000
2 6 0 2.385410 0.713829 0.000000
3 6 0 2.401520 -0.706062 0.000000
4 6 0 1.234081 -1.422169 0.000000
5 6 0 -0.007037 -0.736546 0.000000
6 6 0 0.003718 0.689423 0.000000
7 7 0 -1.219803 1.298248 0.000000
8 6 0 -2.360007 0.620789 0.000000
9 6 0 -2.305534 -0.781390 0.000000
10 7 0 -1.162601 -1.432517 0.000000
11 1 0 1.195972 2.506573 0.000000
12 1 0 3.329805 1.256457 0.000000
APPENDIX C. DIAZANAPHTHALENE APPENDICES 140
13 1 0 3.358418 -1.225325 0.000000
14 1 0 1.217304 -2.510146 0.000000
15 1 0 -3.289606 1.185914 0.000000
16 1 0 -3.229294 -1.359185 0.000000
17 1 0 -1.250388 2.316490 0.000000
Center Atomic Atomic Angstroms
Number Number Type X Y Z
1 6 -0.000000731 -0.000001021 0.000000391
2 6 -0.000000963 -0.000000254 -0.000000109
3 6 -0.000004932 -0.000001839 -0.000000457
4 6 0.000006291 -0.000001460 0.000000148
5 6 -0.000001947 -0.000002370 0.000000094
6 6 0.000003301 -0.000002661 -0.000000275
7 1 -0.000002721 0.000000986 0.000000041
8 1 -0.000001137 -0.000004406 -0.000000031
9 1 -0.000002255 -0.000001139 -0.000000001
10 1 0.000002932 -0.000000818 0.000000100
11 1 0.000000541 -0.000003369 -0.000000013
12 6 0.000006010 0.000003723 -0.000001362
13 6 -0.000005651 0.000003556 0.000000662
14 1 0.000000501 0.000002605 0.000000188
15 1 -0.000000251 0.000003851 0.000000222
16 7 0.000004895 0.000001254 0.000000031
17 7 -0.000003883 0.000003362 0.000000369
Center Atomic Atomic Angstroms
Number Number Type X Y Z
1 6 0.026940207 0.028479527 0.000006375
2 6 -0.005571356 -0.022137959 -0.000004056
3 6 -0.020942243 0.044324270 0.000007376
4 6 -0.068704875 -0.080556780 -0.000017215
5 6 -0.020523661 0.016165905 0.000001594
6 6 0.033116487 -0.034667332 -0.000005087
7 1 -0.000433256 0.001272409 0.000000279
8 1 0.000210715 0.000477434 0.000000209
9 1 0.003206157 -0.000795337 -0.000000106
10 1 -0.001338517 0.002054637 0.000000353
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11 1 0.000766040 -0.000654155 -0.000000099
12 6 0.025182107 -0.043674276 -0.000006560
13 6 -0.026095650 0.009928608 0.000000636
14 1 0.003555664 0.001148146 0.000000274
15 1 0.003362904 -0.004825400 -0.000000764
16 7 0.025949506 -0.014707619 -0.000001528
17 7 0.021319771 0.098167923 0.000018317
Center Atomic Atomic Angstroms
Number Number Type X Y Z
1 6 0.000034495 0.000023563 -0.000000324
2 6 -0.000127900 0.000053245 -0.000001093
3 6 0.000050407 -0.000187089 0.000001930
4 6 -0.000111223 0.000158097 0.000002427
5 6 0.000105154 -0.000068273 -0.000001561
6 6 -0.000025511 0.000046502 0.000000223
7 1 -0.000021739 -0.000002856 0.000000089
8 1 0.000004390 0.000010870 0.000000114
9 1 -0.000001041 -0.000014084 -0.000000042
10 1 0.000017017 0.000016759 -0.000000026
11 1 -0.000000906 -0.000003851 0.000000258
12 6 -0.000002784 -0.000111998 -0.000003062
13 6 -0.000064811 0.000154679 -0.000001653
14 1 -0.000014176 0.000002095 0.000001637
15 1 0.000008511 -0.000010129 0.000000892
16 7 0.000094328 -0.000059082 -0.000000090
17 7 0.000055788 -0.000008446 0.000000281
Center Atomic Atomic Angstroms
Number Number Type X Y Z
1 6 -0.028299083 -0.027679605 -0.000006071
2 6 0.039765417 0.023465802 0.000005185
3 6 -0.043032653 -0.040920676 -0.000008696
4 6 0.021761521 0.079145809 0.000015901
5 6 0.008729611 -0.012179483 -0.000003263
6 6 -0.023535453 0.011232859 0.000001371
7 1 0.000975746 -0.001507267 -0.000000248
8 1 -0.001075478 0.000354646 0.000000058
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9 1 -0.003066675 0.001806040 0.000000521
10 1 0.000282413 -0.001626119 -0.000000054
11 1 -0.000445760 0.001165759 0.000000194
12 6 -0.013642676 0.061617198 0.000010066
13 6 0.009990740 -0.027922036 -0.000005019
14 1 0.001962712 -0.000238001 0.000000396
15 1 -0.000723964 0.007065409 0.000001382
16 7 0.029688078 0.035290341 0.000007915
17 7 0.000665502 -0.109070677 -0.000019638
C.3 Triplet State Vertical Transition Energies





T1 10 507 0.0059
T2 12 315 0.0043
T3 17 650 0.0016
T4 19 795 0.0002
T5 24 061 0.1271
T6 28 680 0.0047
T7 30 444 0
T8 32 466 0
T9 36 170 0.0351
T10 37 776 0.001
T11 38 237 0.0005
T12 39 324 0.0613
T13 41 1797 0.0003
T14 43 013 0.0658
T15 44 216 0.0297
T16 44 494 0.0002
T17 44 737 0
T18 45 157 0.0011
T19 45 798 0.1184
T20 45 811 0.0023
Table C.36: ￿e twenty lowest-lying, predicted triplet excited states of the ￿rst
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T1 11 416 0.0031
T2 15 512 0.0081
T3 16 542 0.0001
T4 19 129 0.0154
T5 27 759 0.1212
T6 29 200 0.0029
T7 31 611 0
T8 33 776 0.0001
T9 35 029 0
T10 37 576 0.0742
T11 37 703 0.0001
T12 38 888 0.0007
T13 42 582 0.0636
T14 42 948 0.0002
T15 43 931 0.0154
T16 44 897 0.0002
T17 45 998 0.0001
T18 46 166 0.0255
T19 46 322 0.0002
T20 46 986 0.0035
Table C.37: ￿e twenty lowest-lying, predicted triplet excited states of the second





T1 12 493 0.0022
T2 14 542 0.0089
T3 15 580 0.0001
T4 20 126 0.0069
T5 26 977 0.1238
T6 30 686 0.0074
T7 31 568 0.0001
T8 33 229 0.0001
T9 37 000 0.0002
T10 37 055 0.0344
T11 39 067 0.0002
T12 40 958 0.0338
T13 41 345 0.0006
T14 42 376 0.0005
T15 44 518 0.1256
T16 44 920 0.0005
T17 45 177 0.0003
T18 45 498 0.2592
T19 46 860 0
T20 47 735 0.0001
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T1 7 336 0
T2 10 007 0
T3 21 452 0.0002
T4 24 402 0.0092
T5 24 995 0.0004
T6 29 504 0.0609
T7 32 337 0.516
T8 33 405 0.0203
T9 36 413 0
T10 37 364 0.0019
T11 38 016 0.018
T12 39 110 0.0117
T13 39 580 0.0017
T14 40 975 0.0014
T15 45 679 0.2387
T16 46 211 0.0173
T17 47 980 0.005
T18 48 424 0.288
T19 49 818 0.0007






Center Atomic Atomic Angstroms
Number Number Type X Y Z
1 6 0 -0.000000 -0.000000 -0.599187
2 6 0 0.000000 0.000000 0.599187
3 1 0 -0.000000 -0.000000 -1.665911
4 1 0 0.000000 0.000000 1.665911
HCN
Center Atomic Atomic Angstroms
Number Number Type X Y Z
1 6 0 0.000000 -0.000000 0.497546
2 7 0 -0.000000 0.000000 -0.650647
3 1 0 0.000000 -0.000000 1.569252
HNC
Center Atomic Atomic Angstroms
Number Number Type X Y Z
1 7 0 0.000000 0.000000 0.429611
2 6 0 -0.000000 -0.000000 -0.739408
3 1 0 0.000000 0.000000 1.429170
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C+
Center Atomic Atomic Angstroms
Number Number Type X Y Z
1 6 0 1.178362 0.000000 0.000000
2 6 0 0.824416 -1.275397 -0.000000
3 6 0 -0.613135 -1.216460 -0.000000
4 6 0 -1.298987 -0.000000 -0.000000
5 6 0 -0.613135 1.216460 0.000000
6 6 0 0.824416 1.275397 0.000000
7 1 0 1.411658 -2.186679 -0.000000
8 1 0 -1.124998 2.177580 0.000000
9 1 0 1.411658 2.186680 0.000000
10 1 0 -1.124998 -2.177580 -0.000000
11 1 0 -2.384943 -0.000000 -0.000000
N+
H
Center Atomic Atomic Angstroms
Number Number Type X Y Z
1 7 0 0.082130 -1.100624 0.000023
2 6 0 1.420624 -1.207404 0.000029
3 6 0 2.199507 -0.063454 0.000006
4 6 0 1.557826 1.183774 -0.000022
5 6 0 0.164880 1.258516 -0.000028
6 6 0 -0.583384 0.078792 -0.000005
7 1 0 1.824382 -2.214817 0.000051
8 1 0 -0.359100 2.208415 -0.000049
9 6 0 -2.005242 0.037180 -0.000010
10 1 0 3.280883 -0.148780 0.000008
11 1 0 2.145801 2.098127 -0.000041
12 6 0 -3.206364 0.001788 -0.000010
13 1 0 -4.277423 -0.023347 0.000066
14 1 0 -0.476522 -1.950388 0.000040
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N+
H
Center Atomic Atomic Angstroms
Number Number Type X Y Z
1 6 0 0.107070 1.237476 -0.000008
2 6 0 -0.620774 0.029081 -0.000009
3 6 0 0.102797 -1.165611 0.000013
4 6 0 2.165279 0.002329 0.000031
5 6 0 1.502710 1.221011 0.000012
6 1 0 -0.433958 2.180257 -0.000022
7 1 0 -0.369574 -2.142550 0.000017
8 1 0 1.939895 -2.016642 0.000046
9 1 0 3.245094 -0.102930 0.000039
10 1 0 2.077101 2.141608 0.000011
11 6 0 -2.047664 0.001567 -0.000030
12 6 0 -3.248970 -0.013512 -0.000051
13 1 0 -4.319206 -0.025334 -0.000057
14 7 0 1.442566 -1.129778 0.000032
N+
H
Center Atomic Atomic Angstroms
Number Number Type X Y Z
1 7 0 2.111315 0.000073 -0.000075
2 6 0 1.469850 1.183117 0.000058
3 6 0 0.090117 1.215204 -0.000030
4 1 0 2.088017 2.075002 -0.000063
5 6 0 -0.629923 -0.000110 0.000229
6 1 0 -0.428762 2.167940 -0.000027
7 6 0 0.090280 -1.215268 0.000117
8 6 0 1.470050 -1.182975 -0.000150
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9 1 0 -0.428340 -2.168135 0.000159
10 1 0 2.088302 -2.074810 -0.000065
11 1 0 3.127070 0.000132 -0.000199
12 6 0 -2.052037 -0.000075 0.000132
13 6 0 -3.254955 -0.000069 -0.000127




Center Atomic Atomic Angstroms
Number Number Type X Y Z
1 7 0 0.084738 -1.103496 0.000021
2 6 0 1.428104 -1.203680 0.000024
3 6 0 2.196638 -0.058415 0.000002
4 6 0 1.552436 1.182835 -0.000024
5 6 0 0.162733 1.255339 -0.000027
6 6 0 -0.583004 0.078752 -0.000002
7 1 0 1.841189 -2.209487 0.000045
8 1 0 -0.359796 2.208590 -0.000048
9 6 0 -2.002850 0.034515 -0.000004
10 1 0 3.280960 -0.138483 0.000004
11 1 0 2.139449 2.100850 -0.000043
12 6 0 -3.210610 0.001207 -0.000001
13 1 0 -4.284433 -0.025633 0.000047
14 1 0 -0.471213 -1.954681 0.000038
Center Atomic Atomic Angstroms
Number Number Type X Y Z
1 7 0 0.066449 -1.168482 -0.000011
2 6 0 1.422804 -1.219974 0.000116
3 6 0 2.186927 -0.054363 0.000160
4 6 0 1.571440 1.220140 0.000078
5 6 0 0.173139 1.265448 -0.000042
6 6 0 -0.593188 0.081432 -0.000091
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7 1 0 1.872378 -2.210775 0.000183
8 1 0 -0.363926 2.212597 -0.000107
9 6 0 -1.981619 0.064235 -0.000199
10 1 0 3.270537 -0.154983 0.000258
11 1 0 2.160162 2.133226 0.000106
12 6 0 -3.217158 0.014511 -0.000201
13 1 0 -4.293275 -0.011916 0.000761
14 1 0 -0.485085 -2.017340 -0.000044
Center Atomic Atomic Angstroms
Number Number Type X Y Z
1 7 0 0.128838 -1.156470 0.013903
2 6 0 1.490840 -1.167395 -0.007682
3 6 0 2.197895 -0.001094 -0.019309
4 6 0 1.486310 1.227737 -0.012089
5 6 0 0.116513 1.250519 0.017881
6 6 0 -0.599616 0.014029 0.030905
7 1 0 1.952101 -2.151963 -0.017558
8 1 0 -0.437956 2.185329 0.027510
9 6 0 -1.970939 -0.010932 0.103328
10 1 0 3.283785 -0.026779 -0.036597
11 1 0 2.031923 2.170437 -0.030580
12 6 0 -3.257534 0.010591 -0.192863
13 1 0 -4.155421 0.021466 0.433073
14 1 0 -0.357104 -2.043940 0.005807
N+
H
Center Atomic Atomic Angstroms
Number Number Type X Y Z
1 6 0 0.108415 1.232722 0.000000
2 6 0 -0.617934 0.027887 -0.000022
3 6 0 0.100190 -1.164622 -0.000001
4 6 0 2.164932 0.006652 0.000055
5 6 0 1.501026 1.218706 0.000038
6 1 0 -0.431797 2.178470 -0.000015
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7 1 0 -0.374675 -2.142527 -0.000013
8 1 0 1.942010 -2.017430 0.000050
9 1 0 3.247189 -0.095643 0.000084
10 1 0 2.072982 2.143787 0.000054
11 6 0 -2.044512 0.004144 -0.000064
12 6 0 -3.252319 -0.012308 -0.000088
13 1 0 -4.325437 -0.025876 0.000072
14 7 0 1.444419 -1.131409 0.000036
Center Atomic Atomic Angstroms
Number Number Type X Y Z
1 6 0.000045638 0.000093067 0.000000732
2 6 -0.000063143 -0.000021531 -0.000003991
3 6 -0.000033564 -0.000001442 0.000000403
4 6 0.000021627 0.000002445 0.000000439
5 6 -0.000023598 -0.000002586 -0.000000413
6 1 -0.000000731 -0.000004447 0.000000142
7 1 -0.000003204 -0.000008208 -0.000000141
8 1 -0.000015280 0.000000780 -0.000000015
9 1 0.000002823 -0.000009669 -0.000000002
10 1 -0.000002038 0.000008321 -0.000000143
11 6 0.000084846 -0.000004269 -0.000002535
12 6 -0.000057584 -0.000012661 0.000015051
13 1 -0.000000929 0.000020243 -0.000009542
14 7 0.000045137 -0.000060044 0.000000014
Center Atomic Atomic Angstroms
Number Number Type X Y Z
1 6 -0.000001621 0.000064052 -0.000001090
2 6 -0.000006481 0.000012222 -0.000000219
3 6 0.000005478 -0.000014757 0.000000061
4 6 0.000112646 0.000006246 -0.000000115
5 6 -0.000040980 0.000024255 0.000000558
6 1 0.000032472 -0.000000700 0.000000078
7 1 -0.000010835 0.000007369 0.000000070
8 1 0.000010647 0.000002576 -0.000000030
9 1 -0.000005364 -0.000006443 0.000000001
10 1 0.000001022 0.000000695 0.000000115
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11 6 0.000046546 -0.000033010 0.000001047
12 6 -0.000058961 -0.000005919 0.000000623
13 1 -0.000007315 0.000010394 -0.000000896
14 7 -0.000077253 -0.000066981 -0.000000204
Center Atomic Atomic Angstroms
Number Number Type X Y Z
1 6 0.000042064 -0.000027713 0.000000059
2 6 -0.000201068 0.000171160 -0.000000677
3 6 -0.000020047 -0.000127641 -0.000000187
4 6 0.000031759 -0.000119595 0.000000278
5 6 0.000066281 0.000084715 -0.000000539
6 1 -0.000020133 0.000007603 -0.000000066
7 1 0.000003491 -0.000010236 -0.000000089
8 1 -0.000020138 -0.000015696 -0.000000051
9 1 -0.000009573 0.000003726 -0.000000062
10 1 -0.000037333 0.000018870 0.000000213
11 6 0.000370432 -0.000014248 0.000000140
12 6 -0.000270743 -0.000038199 0.000003376
13 1 -0.000001166 0.000017858 -0.000002434
14 7 0.000066174 0.000049395 0.000000041
N+
H
Center Atomic Atomic Angstroms
Number Number Type X Y Z
1 7 0 2.112830 0.000011 0.000011
2 6 0 1.466855 -1.184430 0.000008
3 6 0 0.090994 -1.212696 -0.000000
4 6 0 -0.626365 -0.000020 -0.000008
5 6 0 0.090974 1.212682 -0.000000
6 6 0 1.466827 1.184452 0.000008
7 1 0 3.128047 0.000025 0.000017
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8 1 0 2.083113 -2.080457 0.000013
9 1 0 -0.429623 2.166964 -0.000001
10 1 0 -0.429568 -2.166998 -0.000000
11 6 0 -2.047883 -0.000014 -0.000009
12 1 0 2.083079 2.080483 0.000012
13 6 0 -3.257100 0.000008 -0.000015
14 1 0 -4.330669 0.000015 -0.000017
Center Atomic Atomic Angstroms
Number Number Type X Y Z
1 7 0 2.127027 0.000025 0.000009
2 6 0 1.459750 -1.191662 0.000008
3 6 0 0.101472 -1.235851 0.000009
4 6 0 -0.642777 -0.000026 0.000003
5 6 0 0.101428 1.235825 0.000006
6 6 0 1.459707 1.191688 0.000009
7 1 0 3.137630 0.000044 0.000010
8 1 0 2.068736 -2.092200 0.000010
9 1 0 -0.403076 2.197365 0.000006
10 1 0 -0.402996 -2.197410 0.000009
11 6 0 -2.018239 -0.000038 -0.000007
12 1 0 2.068659 2.092249 0.000012
13 6 0 -3.292812 0.000042 -0.000045
14 1 0 -4.369320 -0.000091 -0.000005
Center Atomic Atomic Angstroms
Number Number Type X Y Z
1 7 0 2.120160 -0.000000 0.000015
2 6 0 1.469164 -1.204066 0.000009
3 6 0 0.099846 -1.237253 -0.000005
4 6 0 -0.635939 -0.000000 -0.000011
5 6 0 0.099846 1.237253 -0.000005
6 6 0 1.469164 1.204065 0.000008
7 1 0 3.133401 0.000000 0.000025
8 1 0 2.088977 -2.096620 0.000015
9 1 0 -0.420990 2.192051 -0.000011
10 1 0 -0.420990 -2.192051 -0.000010
11 6 0 -2.036931 0.000000 -0.000010
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12 1 0 2.088977 2.096620 0.000013
13 6 0 -3.289296 -0.000000 -0.000007
14 1 0 -4.365617 -0.000000 -0.000011
Center Atomic Atomic Angstroms
Number Number Type X Y Z
1 7 0 2.174896 0.000022 -0.000016
2 6 0 1.492747 -1.191225 -0.000008
3 6 0 0.080773 -1.214167 0.000007
4 6 0 -0.676265 -0.000021 0.000012
5 6 0 0.080737 1.214145 0.000006
6 6 0 1.492711 1.191248 -0.000009
7 1 0 3.188335 0.000038 -0.000028
8 1 0 2.092344 -2.098982 -0.000012
9 1 0 -0.416111 2.181615 0.000011
10 1 0 -0.416045 -2.181652 0.000013
11 6 0 -2.077112 -0.000026 0.000023
12 1 0 2.092278 2.099025 -0.000017
13 6 0 -3.293340 0.000001 0.000016
14 1 0 -4.366578 0.000079 -0.000142
Center Atomic Atomic Angstroms
Number Number Type X Y Z
1 7 0 2.135867 0.000002 0.000016
2 6 0 1.491569 -1.195416 0.000010
3 6 0 0.062183 -1.225776 -0.000001
4 6 0 -0.624497 -0.000002 -0.000015
5 6 0 0.062180 1.225774 -0.000007
6 6 0 1.491565 1.195419 0.000011
7 1 0 3.149940 0.000004 0.000027
8 1 0 2.105826 -2.090766 0.000017
9 1 0 -0.459827 2.178321 -0.000007
10 1 0 -0.459820 -2.178325 -0.000003
11 6 0 -2.045615 -0.000004 -0.000014
12 1 0 2.105820 2.090771 0.000022
13 6 0 -3.277334 -0.000004 -0.000011
14 1 0 -4.353320 0.000033 0.000001
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Center Atomic Atomic Angstroms
Number Number Type X Y Z
1 7 0 2.090805 0.000014 0.000011
2 6 0 1.498292 -1.196206 0.000009
3 6 0 0.047447 -1.234950 0.000001
4 6 0 -0.579616 -0.000013 -0.000006
5 6 0 0.047423 1.234938 0.000001
6 6 0 1.498269 1.196223 0.000008
7 1 0 3.107588 0.000024 0.000015
8 1 0 2.130230 -2.076025 0.000010
9 1 0 -0.483218 2.178905 -0.000002
10 1 0 -0.483175 -2.178927 -0.000001
11 6 0 -2.024654 -0.000020 -0.000013
12 1 0 2.130189 2.076055 0.000010
13 6 0 -3.268844 -0.000016 -0.000016






Center Atomic Atomic Angstroms
Number Number Type X Y Z
1 6 0 0.000000 0.000000 0.000000
2 1 0 0.632158 0.632158 0.632158
3 1 0 -0.632158 -0.632158 0.632158
4 1 0 -0.632158 0.632158 -0.632158
5 1 0 0.632158 -0.632158 -0.632158
N+
Center Atomic Atomic Angstroms
Number Number Type X Y Z
1 7 0 1.116001 -0.802429 0.000000
2 6 0 1.309052 0.545190 0.000000
3 6 0 0.114942 1.271800 0.000000
4 6 0 -1.134608 0.615885 -0.000000
5 6 0 -1.291253 -0.802655 -0.000000
6 6 0 0.000000 -1.216971 0.000000
7 1 0 2.318721 0.939747 0.000000
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8 1 0 -2.218121 -1.360732 -0.000000
9 1 0 0.153508 2.357897 0.000000
10 1 0 -2.054910 1.200598 -0.000000
N+
H
Center Atomic Atomic Angstroms
Number Number Type X Y Z
1 7 0 -1.106074 0.127483 0.000000
2 6 0 -1.101860 -1.218939 0.000000
3 6 0 0.102068 -1.896296 0.000000
4 6 0 1.286091 -1.144998 0.000000
5 6 0 1.233025 0.249955 0.000000
6 6 0 0.000000 0.900693 0.000000
7 1 0 -2.007988 0.597125 0.000000
8 1 0 -2.071661 -1.706092 0.000000
9 1 0 2.140465 0.845142 0.000000
10 6 0 -0.183543 2.390288 0.000000
11 1 0 0.110584 -2.980829 0.000000
12 1 0 2.249159 -1.649302 0.000000
13 1 0 0.787279 2.892391 0.000000
14 1 0 -0.740004 2.712480 0.890452
15 1 0 -0.740004 2.712480 -0.890452
N+
H
Center Atomic Atomic Angstroms
Number Number Type X Y Z
1 7 0 -1.367164 -0.070432 -0.000018
2 6 0 -0.619862 1.069679 0.000032
3 6 0 0.773913 1.022848 0.000070
4 6 0 1.498286 -0.208343 -0.000052
5 6 0 0.563810 -1.208114 0.000042
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6 6 0 -0.679407 -1.205722 0.000028
7 1 0 -2.384746 -0.023775 -0.000217
8 1 0 -1.171189 2.006185 -0.000135
9 1 0 1.324000 1.961426 -0.000000
10 1 0 2.581645 -0.272899 -0.000238
N+
H
Center Atomic Atomic Angstroms
Number Number Type X Y Z
1 6 0 -1.860306 0.019848 0.000000
2 6 0 -1.180556 1.228981 -0.000000
3 6 0 0.215928 1.219507 0.000000
4 6 0 0.937757 0.010346 0.000000
5 6 0 0.192782 -1.163809 -0.000000
6 7 0 -1.151447 -1.117788 -0.000000
7 1 0 0.759456 2.162472 -0.000000
8 1 0 -2.941344 -0.071633 -0.000000
9 1 0 -1.741950 2.157520 -0.000001
10 1 0 0.639895 -2.153196 -0.000001
11 6 0 2.444973 -0.018708 0.000000
12 1 0 2.834793 0.497648 0.886144
13 1 0 2.828232 -1.043701 -0.000009
14 1 0 2.834794 0.497666 -0.886132
15 1 0 -1.657221 -1.999245 -0.000001
N+
H
Center Atomic Atomic Angstroms
Number Number Type X Y Z
1 7 0 0.000000 1.172931 0.000000
2 6 0 -1.259524 0.649479 0.000000
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3 6 0 -1.248738 -0.727274 0.000000
4 6 0 -0.157623 -1.325989 0.000000
5 6 0 1.159470 -0.939710 0.000000
6 6 0 1.152690 0.467310 0.000000
7 1 0 0.083349 2.188258 0.000000
8 1 0 -2.097124 1.340321 0.000000
9 1 0 2.066112 -1.532981 0.000000
10 1 0 2.070011 1.050990 0.000000
N+
H
Center Atomic Atomic Angstroms
Number Number Type X Y Z
1 7 0 0.012833 -1.805604 0.000000
2 6 0 1.188771 -1.157444 0.000000
3 6 0 1.208102 0.225788 0.000000
4 6 0 0.000000 0.947271 0.000000
5 6 0 -1.203698 0.212324 0.000000
6 6 0 -1.172685 -1.167572 0.000000
7 1 0 0.017172 -2.821304 0.000000
8 1 0 2.085012 -1.769635 0.000000
9 1 0 -2.164967 0.718398 0.000000
10 1 0 -2.061432 -1.790095 0.000000
11 1 0 2.165116 0.738440 0.000000
12 6 0 -0.020926 2.449300 0.000000
13 1 0 0.988766 2.868736 0.000000
14 1 0 -0.558437 2.818349 0.883867
15 1 0 -0.558437 2.818349 -0.883867




Center Atomic Atomic Angstroms
Number Number Type X Y Z
1 7 0 -1.108497 0.126399 0.000000
2 6 0 -1.097396 -1.223130 0.000000
3 6 0 0.105016 -1.890279 0.000000
4 6 0 1.281789 -1.137518 0.000000
5 6 0 1.227170 0.252028 0.000000
6 6 0 0.000000 0.901319 0.000000
7 1 0 -2.012009 0.593764 0.000000
8 1 0 -2.065584 -1.718499 0.000000
9 1 0 2.138031 0.846209 0.000000
10 6 0 -0.180873 2.382993 0.000000
11 1 0 0.121045 -2.977397 0.000000
12 1 0 2.248396 -1.640702 0.000000
13 1 0 0.790339 2.884251 0.000000
14 1 0 -0.737485 2.707551 0.889593
15 1 0 -0.737485 2.707551 -0.889593
Center Atomic Atomic Angstroms
Number Number Type X Y Z
1 7 0 -1.181329 0.152936 0.000000
2 6 0 -1.115079 -1.213462 0.000000
3 6 0 0.128155 -1.881180 0.000000
4 6 0 1.344636 -1.167623 0.000000
5 6 0 1.241640 0.245391 0.000000
6 6 0 0.000000 0.911723 0.000000
7 1 0 -2.078668 0.623068 0.000000
8 1 0 -2.061151 -1.751487 0.000000
9 1 0 2.134454 0.868333 0.000000
10 6 0 -0.166753 2.366250 0.000000
11 1 0 0.109561 -2.969747 0.000000
12 1 0 2.306017 -1.670382 0.000000
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13 1 0 0.791031 2.890923 0.000000
14 1 0 -0.763764 2.686077 0.877346
15 1 0 -0.763764 2.686077 -0.877346
N+
H
Center Atomic Atomic Angstroms
Number Number Type X Y Z
1 6 0 -1.857107 0.024804 0.000004
2 6 0 -1.175060 1.225562 -0.000002
3 6 0 0.216074 1.212875 0.000001
4 6 0 0.935523 0.008509 0.000001
5 6 0 0.196098 -1.161892 -0.000001
6 7 0 -1.151361 -1.117983 -0.000001
7 1 0 0.760100 2.158012 -0.000004
8 1 0 -2.940940 -0.061434 -0.000001
9 1 0 -1.732479 2.159540 -0.000006
10 1 0 0.647212 -2.151572 -0.000002
11 6 0 2.435595 -0.016472 0.000000
12 1 0 2.827092 0.500077 0.885283
13 1 0 2.823412 -1.040034 -0.000013
14 1 0 2.827091 0.500100 -0.885271
15 1 0 -1.658704 -1.999132 -0.000005
N+
H
Center Atomic Atomic Angstroms
Number Number Type X Y Z
1 7 0 0.012821 -1.804096 0.000000
2 6 0 1.190124 -1.150965 0.000000
3 6 0 1.204078 0.225745 0.000000
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4 6 0 0.000000 0.944148 0.000000
5 6 0 -1.199778 0.212653 0.000000
6 6 0 -1.172930 -1.161324 0.000000
7 1 0 0.017673 -2.820146 0.000000
8 1 0 2.090494 -1.761222 0.000000
9 1 0 -2.162021 0.721219 0.000000
10 1 0 -2.066765 -1.780999 0.000000
11 1 0 2.161134 0.742906 0.000000
12 6 0 -0.021294 2.438150 0.000000
13 1 0 0.987427 2.860634 0.000000
14 1 0 -0.559447 2.807919 0.883064
15 1 0 -0.559447 2.807919 -0.883064
